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Abstract
The Laser Interferometer Space Antenna (LISA) is a proposed space-based gravitational
wave detector that aims to detect gravitational waves in the low frequency range from 0.1 mHz
to 1 Hz, which is not accessible by ground-based detectors. It consists of three satellites
whose distance is monitored by laser interferometry. The high frequency stability of the
lasers required for this purpose is to be achieved with a three level noise reduction scheme.
This includes a pre-stabilization stage that has to feature not only high stability but also
tunability. The combination of these two requirements, in addition to the special demands
of a space mission, are a challenging task for laser frequency stabilization.
One approach for such a tunable pre-stabilization is stabilizing a laser to an optical cavity
with incorporated piezoelectric actuator. While this is not a new concept per se, it has
never been realized with the required stability until now. Indeed, so far it has been generally
assumed that piezo actuators so strongly affect the intrinsic stability of an optical cavity
that they are not suited for high stability applications. The goal of this thesis was to close
this gap of knowledge by investigating the performance of cavities with incorporated piezo
actuators and to realize a highly stable version of such a cavity.
For this purpose a variety of piezo-tunable cavities have been built, using crystalline quartz,
ceramic lead zirconate titanate (PZT), or lead zinc niobate - lead titanate (PZN-PT) single
crystals. Lasers locked to these cavities show a frequency noise below 30 Hz/
√
Hz for Fourier
frequencies above 4 mHz and a relative frequency instability of 7 × 10−15 at integration
times from 0.3 s to 8 s, which is the best result achieved with piezo-tunable cavities so far.
By applying a voltage, the resonance frequencies of the cavities can be slowly tuned over
more than one free spectral range (> 1.5 GHz) with only a minor decrease in frequency
stability. This wide tuning range allows full flexibility in the choice of the corresponding
laser frequency. Small but fast frequency changes of a few ten MHz can be made without
increase in frequency noise. Furthermore, the piezo-tunable cavities can be locked to a more
stable reference with a bandwidth > 5 kHz.
It has thus been shown that the piezo-tunable cavities fulfill all requirements for a tunable
laser pre-stabilization for LISA. As a first step towards a space qualified piezo-tunable
cavity, a novel cavity design was implemented considering the high forces that arise during
the launch of a space mission. In this design the piezo actuator is prestressed between the
cavity spacer components, which suppresses tensile and shear forces at the piezo actuator.
The work presented here gives a new insight into the potential of piezo-tunable cavities.
Their performance is only one order of magnitude below that of the best non-tunable cavities
of the same length. Furthermore, the measured noise can not be attributed to the integration
of the piezo actuators, so, in principal, an even better performance should be achievable with
piezo-tunable cavities. Indeed, theoretical considerations performed within this thesis reveal
that the intrinsic stability of piezo-tunable cavities is only slightly inferior to that of rigid
cavities.
Beyond an application in LISA, highly stable piezo-tunable cavities are also valuable de-
vices for numerous other applications. They can be used in cavity enhanced spectroscopy,




Der geplante Gravitationswellendetektor LISA (Laser Interferometer Space Antenna) soll
aus drei Satelliten bestehen, deren Abstand mit Hilfe von Laserinterferometrie überwacht
wird. Die hohe Frequenzstabilität der Laser, die dafür benötigt wird, soll mit einem dreistu-
figen Verfahren erreicht werden. Dieses beinhaltet eine Vorstabilisierung, die nicht nur hohe
Stabilität sondern auch Durchstimmbarkeit aufweisen muss. Die Kombination dieser bei-
den Anforderungen stellt insbesondere in Verbindung mit den speziellen Ansprüchen einer
Weltraummission eine große Herausforderung für die Laser-Frequenzstabilisierung dar.
Eine Möglichkeit eine durchstimmbare Vorstabilisierung zu realisieren ist die Verwendung
eines optischen Resonators mit eingebautem Piezoaktuator. Dies ist an sich kein neuer An-
satz, wurde bisher allerdings noch nicht mit der geforderten Stabilität realisiert. In der Tat
wurde bisher allgemein angenommen, dass Piezoaktuatoren die intrinsische Stabilität eines
optischen Resonators so stark beeinflussen, dass sie nicht für Anwendungen geeignet sind
die hohe Stabilität erfordern. Ziel dieser Arbeit war es diese Wissenslücke durch sorgfältige
Untersuchungen von optischen Resonatoren mit eingebautem Piezoaktuator zu schließen und
einen hoch-stabilen piezoelektrisch durchstimmbaren Resonator zu realisieren.
Für diesen Zweck wurden vier verschiedene piezoelektrisch durchstimmbare Resonatoren
unter der Verwendung von kristallinem Quarz, PZT Keramik und einkristallinem PZN-PT
zusammengebaut. Auf diese Resonatoren stabilisierte Laser weisen ein Frequenzrauschen
kleiner als 30 Hz/
√
Hz für Fourier Frequenzen oberhalb von 4 mHz und eine relative In-
stabilität von 7 × 10−15 bei Integrationszeiten von 0.3 s bis 8 s auf, was das bisher beste
Ergebnis ist, das mit piezoelektrisch durchstimmbaren Resonatoren erreicht wurde. Mit nur
geringen Einbußen in der Frequenzstabilität können die Resonatoren langsam über mehr
als einen freien Spektralbereich (> 1.5 GHz) elektrisch durchgestimmt werden. Dieser große
Durchstimmbereich ermöglicht volle Flexibilität in der Wahl der Laserfrequenz. Kleine, aber
schnelle Frequenzänderungen von wenigen zehn MHz können ohne Verschlechterung der Fre-
quenzstabilität durchgeführt werden. Außerdem können die piezoelektrisch durchstimmbaren
Resonatoren auf eine stabilere Referenz mit einer Regelbandbreite von > 5 kHz stabilisiert
werden.
Somit konnte gezeigt werden, dass die piezoelektrisch durchstimmbaren Resonatoren alle
Anforderungen an eine durchstimmbare Vorstabilisierung für LISA erfüllen. Als erster Schritt
in Richtung eines weltraumtauglichen piezoelektrisch durchstimmbaren Resonators wurde ein
neues Resonatordesign realisiert, das große Kräfte wie sie beim Start einer Satellitenmission
auftreten berücksichtigt. In diesem Design ist der Piezoaktuator durch die Resonatorkompo-
nenten vorgespannt, was Zug-und Scherkräfte am Piezoaktuator unterdrückt.
Die hier präsentierte Arbeit gibt einen neuen Einblick in das Potential von piezoelektrisch
durchstimmbaren Resonatoren. Ihre Stabilität ist nur eine Größenordnung geringer als die
der besten nicht durchstimmbaren Resonatoren der gleichen Länge. Dabei kann das hier
gemessene Rauschen nicht den Piezoaktuatoren zugeordnet werden. Es sollte also prinzipiell
möglich sein noch bessere Stabilitäten mit piezoelektrisch durchstimmbaren Resonatoren
zu erzielen. In der Tat zeigen theoretische Untersuchungen, die im Rahmen dieser Arbeit
durchgeführt wurden, dass die intrinsische Stabilität eines Resonators durch den Einbau
eines Piezoaktuators nur geringfügig herab gesetzt wird.
Hoch-stabile piezoelektrisch durchstimmbare Resonatoren können über eine Verwendung
in LISA hinaus auch bei zahlreichen anderen Anwendungen zum Einsatz kommen, wie z.B.
in der Cavity Enhanced Spektroskopie als Transfer Resonatoren oder als optische Lokalos-
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The existence of gravitational waves was predicted by Albert Einstein in the context of his
theory of general relativity [1] already in the year 1916. More than 50 years later Taylor and
Hulse succeeded in providing an indirect proof of gravitational waves by measuring the energy
loss due to gravitational radiation of the binary star system PSR B1913+16, which consists
of two neutron stars including a pulsar [2]. Since the early 1960s, efforts have been made
to directly measure gravitational waves, however, none of which have been successful so far.
A direct measurement of gravitational waves would not only be a further proof of Einstein’s
theory of general relativity, but would open a new window to the exploration of our universe.
All we currently know about the universe outside our own solar system was discovered by
electromagnetic radiation or cosmic rays. Objects which do not radiate or emit cosmic particles
and do not interact with electromagnetic radiation could thus not have been observed up to
now. In these cases, gravitational waves can provide valuable new information. Furthermore,
gravitational waves propagate nearly undisturbed through space and thus allow the observation
of astronomical objects which are out of sight for electromagnetic waves.
Artist’s impression of the three LISA spacecraft. Courtesy
EADS Astrium.
Today, several detectors on Earth try
to directly measure gravitational waves
by using resonant mass antennas [3] or
laser interferometers [4–6]. Laser inter-
ferometers use highly stable laser light to
measure the proper distance between test
masses. Since these masses are strongly
influenced by seismic noise, it is effec-
tively impossible to observe gravitational
waves in the low frequency range with
ground based detectors. So the plan of
a space based gravitational wave detec-
tor emerged with the aim to complement
the frequency spectrum of gravitational wave observation. The proposed Laser Interferome-
ter Space Antenna (LISA) [7, 8] consists of three spacecrafts whose distance is monitored to
sense spacetime strain variations. With the aid of precision laser interferometry, LISA aims for
measuring gravitational waves with a strain as low as 10−23. To reach such a sensitivity an
extremely high stability of the employed lasers is required. The free-running laser noise has to
be suppressed more than 12 orders of magnitude, which cannot be achieved in a single step.
Indeed a three level noise reduction approach is proposed for LISA. This approach includes, in
addition to a post processing technique, a pre-stabilization stage that has not only to provide
high frequency stability but also tunability.
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1. Introduction
Frequency stabilization of a laser is usually implemented by using either a resonance of an
optical cavity [9] or an atomic or molecular transition [10] as a reference. In both methods only
discrete laser frequencies, determined by the specific reference, can be selected. For stabilization
to arbitrary frequencies within the laser tuning range, different techniques can be employed
including the application of an acousto-optic modulator (AOM), serrodyne modulation [11], or
an additional offset frequency locked laser [12]. These methods mostly require components with
high power consumption or complex additional hardware. Therefore, further options that are
better suited for the application in space haven been studied, such as the use of an unequal
arm-length interferometer [13, 14] or a sideband locking scheme [15]. In this thesis, another
such approach is presented, namely to tune the resonance frequency of a cavity by changing the
cavity length itself with a piezo actuator.
Piezo-tunable cavity.
The concept to tune the cavity length with a piezo actu-
ator is certainly not a new approach. Piezo-tunable cavities
are already used as laser resonators or transfer cavities [16].
More stable versions have been realized for frequency noise
characterization [17] or frequency stabilization [18]. How-
ever, both implementations do not fulfill the LISA require-
ments, especially not in the low frequency range. This work
tries to push the frequency stabilization with piezo-tunable
cavities to its limits with the aim to learn more about the
potential and limitations of such a stabilization and to test
its qualification for LISA.
The best cavity stabilized lasers have currently a relative
frequency stability in the low 10−16 range [19–21], which can
only be achieved by suppressing all fluctuations of the cavity
length. Therefore, highly stable cavities are typically made
of glass materials which have a low coefficient of thermal expansion (CTE) and feature special
vibration insensitive designs [22–24]. Piezo actuators with their less favorable mechanical and
thermal properties are thus expected to have a negative influence on the stability. Furthermore,
the application of piezo actuators introduces frequency noise due to voltage noise in the piezo
supply voltage and effects such as hysteresis and creep have to be handled. The goal of this
thesis was to investigate how the stability of a cavity is influenced by the integration of a piezo-
actuator by carefully evaluating the performance of a variety of such tunable systems, including
ones that offer unprecedented stability. The results should not only be interesting for LISA, but
for all applications where a highly stable and tunable frequency reference is required.
Organization of the thesis
The next chapter gives a brief overview of gravitational waves and the gravitational wave detec-
tor LISA. The issue of frequency stabilization for LISA will be addressed, explaining the need
for a tunable frequency reference, and possible implementations will be presented including the
concept of a piezoelectrically tunable cavity.
Chapter 3 describes some theoretical foundations of Fabry-Pérot resonators, frequency stabiliza-
tion and piezoelectricity, which are needed to understand how an optical resonator incorporating
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a piezoelectric actuator can serve as a tunable frequency reference.
In Chapter 4 the experimental implementation of such piezo-tunable cavities and an adequate
test setup will presented including a detailed discussion of expected noise sources and sensitivi-
ties of the cavities to environmental disturbances.
Chapter 5 presents the performed measurements and obtained results including the frequency
stability of the cavities, the performance with applied voltage, as well as the integration of a
piezo-tunable cavity in an external feed-back loop.
Finally, in Chapter 6 a novel piezo-tunable cavity design with prestressed piezo actuators is
introduced, before the thesis concludes with a short summary and outlook in Chapter 7.
3

2. A Tunable Frequency Reference for LISA
The demand of a tunable frequency reference for the Laser Interferometer Space Antenna (LISA)
gave rise to the investigations of piezo-tunable cavities presented in this work. Therefore, after a
short overview on gravitational waves, this chapter will give an introduction to the LISA mission.
To understand the requirements on the tunable frequency reference, the proposed laser frequency
stabilization scheme will be described including the single stages such as arm-locking and time
delay interferometry (TDI). Finally, possible implementations for a tunable pre-stabilization
will be presented including piezo-tunable cavities.
2.1. Gravitational waves
In his theory of general relativity [1] Einstein describes the interaction between matter, space,
and time. Einstein’s surprising innovation was that he considered space and time no longer as
a fixed background frame as it is done in Newton’s mechanics. He combined them to a four
dimensional spacetime which can be deformed by matter. Gravitation manifests in this theory
by the fact that matter causes spacetime to curve and a curved spacetime causes masses to
accelerate.
In the theory of general relativity the curvature of spacetime is represented by the Einstein
tensor Gµν and the matter by the stress-energy tensor T µν . The relation between matter and
spacetime is formally expressed by Einstein’s famous field equation
Gµν = 8πG
c4
T µν (µ, ν = 0, 1, 2, 3), (2.1)
where G is the gravitational constant and c the speed of light. The Einstein tensor is defined as
Gµν = Rµν − 12g
µνR + gµνΛ, (2.2)
where Rµν is the Ricci tensor, gµν the metric tensor, R the Ricci curvature and Λ the cosmological
constant (see for example [25]).
The evolution in time of astronomical systems can be described by solving Einstein’s equation.
Equation (2.1) is, however, a system of at least ten coupled differential equations, which due
to their complexity, can hardly be solved analytically. Therefore, Einstein’s equations are often
studied in the weak gravitational field approximation, which is also referred to as linearized
theory of gravity.
In the absence of gravitation the spacetime is flat. With a weak gravitational field the space-
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time metric gµν deviates only slightly from a flat metric ηµν [25, 26]
gµν = ηµν + hµν ∥hµν∥ ≪ 1. (2.3)
With this metric the linearized Einstein equation can be written as





T µν , (2.4)
using the trace reverse perturbation h̄µν = hµν − 12ηµνh, where h = hµµ is the trace of the met-
ric perturbation, and choosing an appropriate gauge transformation which satisfies the Lorentz
gauge condition ∂µh̄µν = 0. Here and in the following, the Einstein summation convention
applies (xµyµ =
3
µ=0 xµyµ). Equation (2.4) strongly resembles the wave equation in elec-
tromagnetism, and can also be solved accordingly by a superposition of plane waves. These
solutions are called gravitational waves.
The propagation of gravitational waves is usually regarded in vacuum (T µν = 0) where equa-
tion (2.4) simplifies to the homogeneous version
h̄µν = (∆ − 1
c2
∂2t )h̄µν = 0. (2.5)
A solution of this equation has the form
h̄µν = Aµνexp(ikµxµ), (2.6)
where Aµν is a complex amplitude tensor and kµ a four dimensional wave vector. From the
Lorentz gauge condition follows Aµνkµ = 0. The amplitude of the gravitational waves is thus
orthogonal to their direction of propagation; gravitational waves are transversal.
The Lorentz gauge condition is fulfilled by a class of gauges. For a further description of
gravitational waves it is useful to apply additional restrictions on the Lorentz gauge using the
so called transverse-traceless gauge from this class. This gauge makes the metric perturbation
hµν purely spatial (hµ0 = 0) and traceless (hµµ = 0). With this restriction, a wave traveling in
z-direction has the form
hT Tµν =

0 0 0 0
0 hxx hxy 0
0 hxy −hxx 0
0 0 0 0
 = hxxh+hxyh×. (2.7)
The two independent components hT Txx and hT Txy are interpreted as two orthogonal polarization
components of the gravitational wave, which are called + (plus) and × (cross), respectively.
To learn how a gravitational wave effects free particles, the proper distance L′ of two particles
separated by a coordinate distance L is calculated. The distance ds between two points in
spacetime with coordinates xµ and xµ + dxµ is given by
ds2 = gµνdxµdxν . (2.8)
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Figure 2.1.: Effect of a gravitational wave with + or × polarization on a ring of test masses, which
are arrayed in a plane perpendicular to the propagation direction of the wave, depicted for different
phase φ of the wave.











≈ |gxx|1/2L = (1 + hT Txx )1/2L
≈ [1 + 12h
T T
xx ]L. (2.9)






The influence of purely × or + polarized waves on a ring of particles is illustrated in Figure 2.1.
Laser interferometer gravitational wave detectors monitor the change in separation between
two masses, so called test masses. Since the distance change is proportional to the original
distance of the test masses, the laser interferometers use very large interferometer arms (> 300 m)
and form in this way the most sensitive detectors to date. In addition to the already existing
interferometers on Earth [4–6] a space based interferometer is planned which allows even longer
distances between the test masses.
2.2. The gravitational wave detector LISA
The Laser Interferometer Space Antenna (LISA) [7, 8] is a proposed space mission which has
the aim to observe gravitational waves in the low frequency range which is not accessible with
ground based gravitational wave detectors. The mission was planned as a joint ESA and NASA
mission. Since NASA recently withdrew funds, a down scaled mission was formulated, called
New Gravitational Wave Observatory (NGO). In the following the original LISA mission will be
described and the differences to NGO will only be pointed out shortly at the end of this section.
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Figure 2.2.: Strain sensitivity predicted for LISA and the ground-based gravitational wave detector
advanced LIGO [4], as well as relevant sources of gravitational waves in the respective frequency
range. From [27], courtesy NASA.
Sources of gravitational waves in the LISA measurement band
Gravitational radiation is generated by accelerated mass and energy. The periodic motion of
a system creates gravitational waves, whose strain amplitude depends on the mass, size, and
distance of the system. The frequency of the motion determines the frequency of the created
gravitational wave. LISA is designed to observe gravitational waves in the frequency range
between 0.1 mHz and 1 Hz with a strain sensitivity down to 10−23 (Figure 2.2). For comparison,
the ground based detectors have a measurement band between 10 Hz and 10 000 Hz and envisage
a strain sensitivity down to 10−24 when the current upgrades are accomplished.
LISA will be able to trace the inspiral and merger history of massive black hole (MBH) binaries,
which are the strongest sources in the LISA measurement band. Estimates from standard galaxy
formation theory suggest that LISA will detect MBH coalescences about once or twice every
weak. LISA will thus provide a direct record of the history of galaxy formation and central black
hole growth in the observable Universe.
Smaller galactic objects can be captured by a massive black hole building an extreme mass-
ratio inspiral (EMRI) with frequencies and strains in the measurement band. Compact objects
such as degenerate dwarfs, neutron stars, and black holes which get in the vicinity of a MBH will
orbit the latter until they finally plunge into the black hole’s event horizon. The gravitational
waves emitted during this process will provide interesting information about the spacetime
geometry around the MBH.
The most frequently observed objects will be binary stars, consisting, e.g., of two white dwarfs
or two neutron stars. Binary systems in our vicinity have already been observed by electromag-
netic observations and their known periods and positions will appear in the LISA data with
predictable, distinctive signatures.
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Figure 2.3.: The LISA satellite constellation. The LISA interferometer is depicted disproportionally
large in comparison to the other astronomical distances.
The frequency range and strain amplitude of gravitational waves from massive black hole
binaries, extreme mass-ratio insprirals and binary stars, which are the most important sources
in the LISA measurement band, are indicated in Figure 2.2. In addition, LISA has scientific
objectives like measuring the cosmic expansion, testing models of new physics of dark energy or
detecting the gravitational radiation background generated at the Big Bang. More information
on the scientific objectives of LISA can be found, e.g., in [8, 27].
Mission and payload
LISA can be thought of as a vast Michelson interferometer in space with an additional redundant
third arm. The mission consists of three spacecrafts forming a triangle with an arm length of 5
million kilometers. Each spacecraft follows its own orbit around the sun so that the center of
the triangle is in the ecliptic plane following the orbit of the Earth 20° behind the Earth, while
the plane of the triangle has an inclination of 60° to the ecliptic (Figure 2.3).
The elliptical orbits as well as planetary perturbations will cause small changes in the distance
of the spacecrafts (Figure 2.4). This implicates a changing relative velocity between the satellites
which imposes Doppler shifts on the interferometer signals (Figure 2.5). These Doppler shifts
are the reason for the demand of a tunable frequency stabilization as explained later.
LISA senses the effect of a passing gravitational wave by monitoring the changes in the
distances between inertial test masses. Each spacecraft houses one of those test masses, which is
shielded by the spacecraft from non-gravitational disturbances such as solar radiation pressure.
The position of the spacecraft relative to the test mass is measured by optical and capacitive
sensing and controlled via a feed back loop using micro-Newton thrusters as actuators.
Two telescopes on each spacecraft are used to send 2 W of laser power at 1064 nm to one of
the other spacecrafts. There, the telescope is used to focus the weak incoming laser beam. Due
to beam expansion, only about 100 pW can be collected after the distance of 5 mio. km. Instead
of back reflecting the light directly, the laser on the receiving spacecraft is phase-locked to the
incoming light in order to have a reflected beam with full intensity. When the transmitted laser
9
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Figure 2.4.: Variation of the satellite distance in the course of the LISA mission. Each color stands
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Figure 2.5.: Variation in the velocity between the satellites. This variation determines the doppler
shift between received and emitted beam. For the wavelength chosen for LISA, 1 m/s corresponds
to 1 MHz Doppler shift. Reprinted from [8] with permission.
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Figure 2.6.: LISA requirements on the different stages of frequency noise reduction.
light arrives back at the original spacecraft, it is superimposed with a portion of the original laser
beam. A relative phase measurement gives information about the length of the interferometer
arm. By comparing the relative length changes in two interferometer arms, the gravitational
wave signal can be observed.
The NGO mission differs from the LISA mission mainly in the absence of a third redundant
interferometer arm and a shorter arm length of 1 million kilometers which leads to a reduction
of the sensitivity in the lower end of the measurement band.
2.2.1. Laser frequency stabilization for LISA
Laser frequency stabilization is an important point in the LISA technology development. Fre-
quency fluctuations δν cause noise in the interferometric length measurement δx, that is pro-




The length changes of a single arm are expected to be up to 2 % (Figure 2.4), which leads
to length differences between two arms of up to ∆L = 1 × 105 km. The equivalent pathlength
noise contribution due to frequency noise has to be below δx = 0.4 pm/
√
Hz. Consequently, a
laser frequency noise below 1.2 × 10−6 Hz/
√
Hz is required, which equals a relative stability of
4.3 × 10−21. For comparison, the best actively stabilized lasers nowadays have a relative stability
of 1 × 10−16 at integration times of 1 s. This shows already that the desired sensitivity can only
be achieved applying an adequate post prosessing technique. The frequency noise of a free-
running laser has to be suppressed by about 12 orders of magnitude which cannot be achieved
in a single step. Therefore, a three level approach is the current baseline for frequency noise
reduction for LISA. The first stage includes a tunable pre-stabilization technique. In the second
11











Figure 2.7.: Self phase locking scheme. The beam coming back from the distant spacecraft has a
time delay of τ = 33 s in comparison to the prompt signal. In this way the present laser phase can
be compared with the past laser phase and a signal for stabilization can be derived.
stage the long LISA arms itself are used as a frequency reference in a technique called arm-
locking. The third step is a post processing technique called time delay interferometry (TDI) in
which the arm length difference is formally canceled out. The three stabilization stages will be
described in more detail in the following. An overview of the frequency noise requirements on
the different stabilization stages is given in Figure 2.6.
All in all, the three LISA satellites house six lasers. Only one laser is stabilized according to
the above described scheme. The other lasers will be offset phase locked to this master laser.
Pre-stabilization
The first stage of the LISA noise reduction scheme comprises pre-stabilization to a local reference.
Such a reference could be an optical cavity, a molecular resonance or an unequal pathlength
interferometer. The special challenge is, that the frequency reference not only has to provide
high stability but also tunability. This demand arises from the combination with the arm-locking
technique, described in the following. Detailed requirements on such a tunable reference and
possible implementations are described in the next section.
Arm-locking
In the LISA measurement band the 5 mio. km long LISA arms will have a relative length stability
of approximately δL/L ∼ 10−21/
√
Hz. (The slow arm length variations shown in Figure 2.4 are
below the LISA measurement band.) Arm-locking uses this highly stable interferometer arms
as frequency reference and derives an error signal by self-phase-locked delay interferometry. In
this technique, a fraction of the laser light from one spacecraft interferes with the light which
is transmitted back from another spacecraft. Since the back-transmitted light is phase locked
to the original laser light, the configuration forms a Mach-Zehnder interferometer with a large
time delay in one arm (Figure 2.7). With a suitable control law, noise at frequencies below
the round-trip frequency f0 = 1/τ = 30 mHz can be reduced, leading however to an unwanted
amplification of noise at integer multiples of f0 [28]. This drawback could already be solved
using the phase difference of two interferometer arms in sum and difference [29].
12









Figure 2.8.: Scheme of an unequal arm length interferometer.
When applying arm-locking, one has to consider the relative motion of the spacecrafts up to
18 m/s which leads to Doppler shifts up to 18 MHz (Figure 2.5). During the LISA mission the
Doppler shifts will be estimated and removed from the phase signal. However, small errors in
the Doppler frequency estimation νDE cannot be avoided and lead to a continuous change of the






This frequency pulling can be minimized using advanced arm-locking schemes (modified dual
arm-locking) and adequate control electronics. With these techniques the frequency pulling can
be kept below 8 MHz [30]. When arm-locking is combined with some kind of pre-stabilization,
the pre-stabilization has to be able to follow those frequency changes. With other words, it has
to feature tunability.
Time delay interferometry (TDI)
The last step in the frequency reduction scheme, is not an active frequency stabilization tech-
nique, but a post processing technique. The continuously recorded phase informations of the
outgoing and ingoing light from one or more spacecrafts are used to computationally suppress
the laser phase noise.
If Φ(t) is the phase noise of a laser which enters a simple interferometer (Figure 2.8), the
phase at the beam splitter after passing way L1 or L2 is
Φ1(t) = Φ(t − 2
L1
c
) − Φ(t) (2.13)
and
Φ2(t) = Φ(t − 2
L2
c
) − Φ(t). (2.14)
For the case of an unequal arm length interferometer (L1 ̸= L2) the difference Φ2 − Φ1 is
obviously not zero.
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The basic idea of TDI is to additionally delay the phases by a specific value and combine them
in such a way that the laser phase noise cancels out [31]
X(t) = [Φ2(t − 2
L1
c
) − Φ2(t)] − [Φ1(t − 2
L2
c
) − Φ1(t)] = 0. (2.15)
For LISA this scheme gets way more complex, due to the existence of three spacecrafts and
changing interferometer arm lengths. Nevertheless, the problem can still be solved using the
same principle [31, 32].
2.3. Tunable pre-stabilization for LISA
The combined requirements of high stability and tunability are a challenging task for laser
frequency stabilization. After shortly specifying the exact requirements, this section will give
an overview how such a tunable reference could be realized and which work has already be done
on this topic.
2.3.1. Requirements
In the LISA pre-Phase A report [7] first frequency stability requirements for a tunable pre-
stabilization were allocated to




1 + (3 mHz/f)4. (2.16)
Later, TDI and arm-locking turned out to be more powerful than initially expected and the







1 + (2.8 mHz/f)4 for 0.1 mHz < f < 1 Hz
3000 Hz/
√
Hz · 1 Hz/f for 1 Hz < f < 1 MHz.
(2.17)
The tuning requirements of ±30 MHz [33] arise from the expected frequency pulling in the
arm-locking feed back loop due to errors in the Doppler shift estimation. The required tuning
bandwidth of 1 kHz [33] ensures that the tunability has a sufficient frequency response to support
a high gain auxiliary locking scheme such as arm-locking. When using a cavity as reference, a
tunability over more than one free spectral range (FSR) would be desirable. In this case the
cavity can be tuned to every laser frequency, which provides the greatest flexibility.
2.3.2. Possible implementations
There are several ways to realize a tunable frequency reference. A common method is to stabilize
the laser to a fixed frequency reference such as a cavity or a molecular reference and shift the
frequency of the stabilized laser with an AOM. Due to the Doppler effect the diffracted beam
is shifted in frequency by the magnitude of the sound wave frequency, which is adjustable. The
tuning range is limited to a few ten MHz. AOMs are usually avoided in space missions, due to
the large RF power consumption and the low operating power efficiency.
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Another possibility is to use an additional laser and perform an offset phase lock with the
stabilized laser. The beat frequency of the two lasers is compared with a stable RF oscillator.
By changing the oscillator frequency the frequency of the phase locked laser can be tuned. This
well known technique allows for a high tuning range but requires an additional laser. Since this
additional laser would add to cost and power consumption, the phase lock approach is considered
unfavorable for a space mission.
Since these standard laboratory techniques have the stated drawbacks, further techniques,
which agree better with the conditions of a space mission have been developed and tested.
Sideband locking
Sideband locking uses a fixed frequency reference and a modified Pound Drever Hall (PDH)
locking scheme. The easiest realization of sideband locking is that not the carrier, but the
sideband is stabilized to the reference line (single sideband locking). Thus, when changing the
modulation frequency the sideband stays locked to the reference line and the carrier frequency
is shifted relative to the reference frequency. If the sideband is additionally modulated (dual
sideband locking), the second modulation frequency can be used for demodulation of the signal.
This brings the advantage of an unchanging demodulation frequency, which is not the case for
the single sideband approach.
Sideband locking to a cavity was demonstrated and analyzed at NASA’s Goddard Space Flight
Center [15, 34]. They obtained a frequency noise of 100 Hz/
√
Hz for Fourier frequencies above
1 mHz, which fulfills the LISA requirements for a tunable pre-stabilization. Sideband locking is
thus suitable for LISA. The disadvantages of this method are a complex modulation spectrum
of the laser carrying the risk, that the carrier or higher order sidebands couple into higher
order modes of the cavity. Furthermore, in order to obtain a large tuning range, a frequency
synthesizer which provides GHz frequencies is required.
Unequal pathlength interferometer
In an interferometer with equally long interferometer arms frequency fluctuations cancel out.
This is not the case when the arms have different pathlengths. The interferometer gets sensitive
to frequency fluctuations and can thus be used for sensing frequency changes and for frequency
stabilization. The advantage of such an interferometer is that it can be operated at any laser
frequency. The frequency discrimination signal, necessary for locking, is available at every laser
frequency and not only at certain reference lines. Tuning of the laser frequency can thus be
done by merely adding an electronic offset to the error signal.
Unequal pathlength interferometers have been realized in fiber coupled versions allowing for a
large length mismatch. With fiber interferometers, good frequency stabilities at high frequencies
have been achieved (100 mHz/
√
Hz at a Fourier frequency of 1 kHz [13]) and tunability has
already been demonstrated [35]. However, fibers are very sensitive to temperature variations
changing the optical path length. Thus, in the low frequency range a free beam version is
preferable. Such a free beam version was set up for LISA Pathfinder [36] and is suggested to
be used in LISA for pre-stabilization [14]. The performance with 50 cm pathlength difference is
estimated to 800 Hz/
√
Hz from 10 mHz to 1 Hz.
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Piezoelectrically tunable resonator
Tuning of a cavity stabilized laser can easily be achieved by changing the cavity length. The




where L is the cavity length, c the speed of light and q an integer. A cavity laser lock is
usually performed by using one of those resonance lines as frequency reference. Changing the
cavity length, tunes the resonance frequency and thus the laser frequency. The cavity length
can be changed slowly by temperature: δν/ν = αT , where α is the coefficient of thermal
expansion (CTE) of the cavity spacer material. With a piezoelectric actuator, the cavity length
can be manipulated in a fast and defined way.
Piezo-tunable cavities are already commonly used for laser resonators or as transfer cavities
[16]. A piezo-tunable cavity where the cavity spacer is compressed with an extrinsic actuator [17]
has been implemented with stabilities in the 10−13 range, allowing however only a few 10 kHz
tuning range. Furthermore, it has been demonstrated that a laser system including stabilization
to a cavity with an intrinsic piezo actuator can be realized with a few kHz linewidth [18].
However, the real potential and limitations of tunable high finesse cavities have so far not been
thoroughly investigated.
The aim of the work presented in this thesis was to test, if the requirements for a tunable
pre-stabilization can be fulfilled with a piezoelectrically tunable resonator and to investigate
the characteristics and limitations of such a stabilization. The experimental investigations are
intended to give a proof of principle in a laboratory environment and do at first not deal with
special conditions in space.
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In order to understand how an optical resonator incorporating a piezoelectric actuator can serve
as a tunable frequency reference, some basic understanding of optical cavities, piezoelectricity,
and laser stabilization is needed. This will be provided in this chapter.
3.1. Optical resonators
With an appropriate locking scheme, the length stability of an optical resonator can be trans-
ferred to the frequency stability of a laser. This is possible because optical cavities have a
strongly frequency dependent reflection and transmission as will be derived in the following.
The simplest configuration of an optical cavity is a Fabry-Pérot resonator, which consists
of two parallel mirrors (Figure 3.1). The two mirrors are characterized by their dimensionless
reflection coefficients r1 and r2, their transmission coefficients t1 and t2 and their loss coefficients
l1 and l2. These coefficients describe the behavior of the amplitude of the electromagnetic wave,
impinging on the mirrors. When regarding the intensity of a light field instead of the amplitude,
the intensity coefficients of reflection, transmission, and losses have to be used. They are the
square of the amplitude coefficients, e.g. R1 = r21, and fulfill the energy conservation relation
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Figure 3.1.: Schematic of a Fabry-Pérot cavity. The two mirrors have (amplitude) reflection co-
efficients r1,2, transmission coefficients t1,2 and loss coefficients l1,2. The incoming laser light Ein
is either reflected or transmitted. The transmitted light circulates in the cavity (Ecirc) until it is
transmitted through the outcoupling mirror (Eout) or through the incoupling mirror where it adds




3.1.1. Optical transfer functions
The transmission through a Fabry-Pérot cavity or the reflection at the cavity are described by
the cavity transfer functions, which will be derived in the following summarizing from literature
[37–39]. These transfer functions help to gain a better understanding of cavity characteristics
and are needed for the description of the laser stabilization theory in the next section. The
transfer functions of the amplitude and intensity of the electric field are first derived with the
assumption of no intra cavity losses. The modification of the formulas in presence of intra cavity
losses will be presented and the special case of high finesse cavities will be discussed.
Transfer functions of the electric field
A light wave of frequency ω and amplitude Ein impinging on the incoupling mirror of a cavity is
partly reflected, partly transmitted and partly absorbed or scattered according to the respective
coefficients. The transmitted light combines with the light field Ecirc already circulating in the
cavity. In steady state (Ėcirc = 0), the electric field inside the cavity is a superposition of light
coming through the incoupling mirror and the light which has made one round trip in the cavity




ϕ is the phase which is accumulated during one round trip of the circulating light
ϕ(ω) = ω∆FSR
, (3.2)
where ∆FSR is the free spectral range (FSR) of the resonator, which is defined as the inverse of












The factor eiϕ/2 accounts for the half round trip, which the light travels on its way to the
outcoupling mirror.
The light in reflection is a superposition of the directly reflected light and the light leaking
out from the cavity through the incoupling mirror
Erefl = r1Ein − t1r2eiϕEcirc =
r1 − r2(r21 + t21)eiϕ
1 − r1r2eiϕ
Ein, (3.5)




For some calculations the approximation of a lossless cavity (t2+r2 = 1) with identical mirrors
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Since usually the intensity of a light field is observed in a measurement, the corresponding
transfer functions will be introduced. The intensity of the transmitted field is proportional to
the absolute square of the electric field (EtransE∗trans):
Itrans = Iin















is the cavity finesse. The finesse is defined as the ratio of the FSR and the linewidth Γν (full
width at half maximum (FWHM)) of the cavity resonance
F = ∆FSRΓν
. (3.10)
The linewidth of a cavity is thus determined by the cavity length and its mirror reflectivities.
The second factor of equation (3.8)
A(ϕ) = 1
1 + (2Fπ )2 sin2(ϕ/2)
(3.11)
is called Airy function. The function has maxima at multiples of ∆ϕ = 2π or ∆ν = ∆FSR
(Figure 3.2). The width of the maxima depends on the cavity finesse. The higher the finesse,
the sharper the maxima. In case of a high finesse, the cavity acts as a mirror for all laser
frequencies except for multiples of the FSR where the cavity gets totally transparent.























Figure 3.2.: Plot of the Airy function with a Finesses of F = 30. The Airy function has sharp
transmission peaks at integer multiples of ϕ/2π = ν/∆FSR.
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Cavity with round trip losses
For a real cavity not only the mirror losses have to be considered, but also the losses inside the




R1R2(1 − V )
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. (3.14)
State of the art cavity experiments use high reflectivity mirrors (Ri > 99.997%) leading to a








1 − T1 − T2 − L1 − L2 − V
≈ 2π
T1 + T2 + L1 + L2 + V
,
(3.15)
using the identity Ri + Ti + Li = 1 and neglecting the terms O(T 2, L2) as well as any mixing
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An important issue in cavity experiments is the percentage of light that can be coupled into
the resonator. When all light is coupled into the cavity, the cavity is called impedance matched.
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This is the case when the cavity reflectivity (3.16) is zero, i.e., when the transmission of the
incoupling mirror equals all losses of the cavity: T1 = T2 + L1 + L2 + V .
3.1.2. Cavity modes and mode matching
Light emitted from a laser has a non uniform intensity distribution. The beam profile can be
derived from the wave equation for the electric field using the paraxial approximation. One
solution is the well known Gaussian amplitude distribution representing the fundamental mode.
But there exist also higher order modes, the so called Hermite-Gaussian modes or transverse
electromagnetic (TEM) modes.
In a cavity with curved mirrors the different modes have different resonance conditions, since










(1 − L/C1)(1 − L/C2)

. (3.17)
q is the longitudinal mode index and m and n are the TEM mode numbers.
Adjacent cavity modes with the same TEM mode number are separated by the free spectral
range. For the TEM00 modes the equation simplifies to
νq = q
c
2L = q∆FSR. (3.18)
The TEM00 modes have a Gaussian intensity profile. Thus, a Gaussian laser beam can be
matched best to these modes. To get a high percentage of the laser light coupled into the cavity,
the laser beam has to be formed to match the cavity mode as exactly as possible. This process is
referred to as mode matching. The fraction of light which couples into the cavity thus depends
on mode matching and impedance matching.
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3.2. Laser frequency stabilization to a cavity
The frequency of a laser can be stabilized to a resonance frequency of a cavity using feed back
techniques. Therefore, a short, general description of feedback control loops is given in the
following and a commonly used stabilization technique for performing a cavity lock, namely the
Pound Drever Hall technique, is presented. With this technique the length stability of a cavity
can be transferred to the frequency stability of a laser and a low noise laser can be realized.
In this work, however, the stability transfer is used to obtain information on the piezo-tunable
cavities by comparing the stabilized laser to an even more stable laser.
3.2.1. Feedback control loop for laser frequency stabilization
In a feedback loop the value of a physical quantity is compared with a reference and the dif-
ference is fed back to change or actuate the value. The schematic of a feedback loop for laser
frequency stabilization is shown in Figure 3.3. The laser frequency is compared with the res-
onance frequency of a cavity. The cavity in combination with the detection system converts a
frequency change into a voltage change and is thus referred to as discriminator. The voltage
signal is processed in a servo controller and fed to an actuator which changes the laser frequency
according to the voltage error signal. Discriminator, servo, and actuator are described by their
transfer functions D, G, and K.
The free running laser noise SL is suppressed by the control loop to a closed loop laser noise
SL,cl of [41]
S2L,cl =
S2L + |KSG|2 + |KGSD|2
|1 + KGD|2 . (3.19)
SG and SD are additional noise added by the servo or discriminator, respectively. In the case












Figure 3.3.: Feedback control loop. Adapted from [41]. The control loop consists of laser with
frequency νL, discriminator (cavity plus detection system), servo, and actuator, whose transfer func-
tions are described by D, G, and K. In addition to the laser and actuator noise SL, discriminator
and servo contribute excess noise that is described by SD and SG, respectively.
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Figure 3.4.: Laser frequency stabilization with the Pound Drever Hall technique. The modulated
laser light reflected from the cavity is measured with a photo detector. The obtained signal is
demodulated, low pass filtered and directed to a servo controlling the laser frequency.





The discriminator noise includes, e.g., fluctuations in the resonant frequency of the cavity, resid-
ual AM noise, and quantum noise associated with the measurement of the laser frequency. The
possible noise sources will be discussed in detail in the next chapter. The discriminator transfer
function for the PDH stabilization scheme is derived in the following.
3.2.2. The Pound Drever Hall technique
The Pound Drever Hall (PDH) technique is a widely used method to transfer the length stability
of an optical cavity to a laser frequency by actively stabilizing the laser to a cavity resonance.
Based on microwave technology [42] the method was developed and elaborated for optical appli-
cations by Drever and Hall [9]. As shown in Section 3.1.1, cavities have a frequency dependent
transmission such that the phase of the light reflected from a cavity shows dispersion. In the
PDH technique this dispersion is detected by using a modulation technique. In the following
only the steady-state case will be considered. A derivation of the dynamic response of a cavity
and the effect of the time response of the resulting cavity field on the PDH error signal can be
found in [43].
Phenomenological description
The basic setup for laser stabilization to a cavity with the PDH technique is shown in Figure 3.4.
The laser is phase modulated with a frequency Ω, which is much larger than the cavity linewidth
Γν . When the laser frequency is near a resonance of the cavity the modulation sidebands are
reflected unmodified, while the carrier experience a phase shift. The superposition of the directly
reflected field and the field leaking back from the cavity is measured by a photo detector. Due
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to the phase shift of the carrier, the mixing products of carrier and upper sideband and carrier
and lower sideband no longer perfectly cancel out, as it is the case for purely phase modulated
light. As a consequence, the measured beat signal contains an amplitude modulated term at
the modulation frequency. To extract the DC component of this term the signal is demodulated
with a mixer at the modulation frequency Ω and subsequently low pass filtered. The result is an
error signal which is proportional to the difference between laser frequency and cavity resonance
frequency. It can thus be used for building a feed back loop which matches the laser frequency
to the cavity resonance frequency.
Mathematical description
In the following, a mathematical derivation of the PDH error signal will be given summarizing
from literature [38, 39, 44]. The electric field of a laser beam is given by E0eiωt. If the laser is
phase modulated with Ω the electric field becomes





where Jk(β) are Bessel functions of order k with a modulation depth β, which fulfill the relation
J−k(β) = (−1)kJk(β).





Jk(β)H(ω + kΩ)ei(ω+kΩ)t. (3.23)
This light field is detected by a photo diode, whose signal is proportional to the intensity




Jk(β)Jk′(β)H(ω + kΩ)H∗(ω + k′Ω)ei(k
′−k)Ωt, (3.24)
with I0 = cϵ0|E0|2, where c is the speed of light and ϵ0 the vacuum permittivity.
The signal that is of interest for a PDH lock is carried at the modulation frequency Ω. Thus,




[Jk(β)Jk+1(β)H(ω + kΩ)H∗(ω + (k + 1)Ω)eiΩt
+ Jk(β)Jk−1(β)H(ω + kΩ)H∗(ω + (k − 1)Ω)e−iΩt].
(3.25)
To further simplify this equation only the first order sidebands of the modulation are taken into
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Figure 3.5.: Error signal of the Pound Drever Hall technique. The graph is calculated with a




[H(ω)H∗(ω + Ω) − H∗(ω)H(ω − Ω)]eiΩt




This is equivalent to
I(t) = 2I0J0(β)J1(β) {ℜe[H(ω)H∗(ω + Ω) − H∗(ω)H(ω − Ω)] cos Ωt
−ℑm[H(ω)H∗(ω + Ω) − H∗(ω)H(ω − Ω)] sin Ωt} ,
(3.27)
using the identity Ae−iωt + A∗eiωt = 2ℜe(A) cos ωt + 2ℑm(A) sin ωt.
The PDH error signal ϵ is obtained by mixing the measured intensity with sin(Ωt + φΩ). By
adjusting the phase of the demodulation signal either the cosine or the sine term can be extracted.
For fast frequency modulation (Ω ≫ Γν , where Γν is the cavity linewidth) the sidebands are
totally reflected (H(ω ± Ω) = −1) when the carrier is near resonance. The term
H(ω)H∗(ω + Ω) − H∗(ω)H(ω − Ω) = −2iℑm[H(ω)], (3.28)
then gets purely imaginary, which implies that the cosine term in equation (3.27) has no con-
tribution from the carrier and is thus not suitable for locking. Hence, the PDH error signal is
derived from the sine term of equation (3.27)
ϵ = −2I0J0(β)J1(β)ℑm[H(ω)H∗(ω + Ω) − H∗(ω)H(ω − Ω)]. (3.29)
To obtain the error signal in reflection, the cavity reflection coefficient (3.6) has to be inserted
as transfer function. Figure 3.5 shows a plot of this error signal. It has steep zero crossings
when the detuning is zero or equals the modulation frequency.
Near resonance the error signal has a linear steep slope and is thus well suited for feedback
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control. Using equation (3.28), the error signal near resonance can be approximated to
ϵ = −4J0(β)J1(β)I0 ℑm[H(ω)]. (3.30)










Since the transfer function at frequencies near a cavity resonance ωq is of interest, ω is replaced













1 + (∆ωqπΓν )
2
. (3.32)
When the detuning is smaller than the cavity linewidth (∆ωq ≪ Γν), the denominator in equa-






This results in a linear error signal (ϵ = D∆νq) with a proportionality constant of
D = 8J0(β)J1(β)I0Γν
, (3.34)
which is called the frequency discriminant.
Equation (3.20) reveals that the closed loop laser noise scales with the inverse of the frequency
discriminant. Hence, it has to be as high as possible, which is achieved with a small cavity
linewidth and a high intensity. The product J0(β)J1(β) gets maximal for a modulation index





With the presented PDH technique a laser can be stabilized to any resonance frequency of a
cavity. In high finesse cavities these resonances are clearly separated from each other and the
laser can thus only be stabilized to discrete frequencies. Since these frequencies are determined
by the length of the cavity, this can be resolved by inserting a length changing element like a
piezoelectric actuator into the optical cavity.
This section will give some basics on piezoelectricity and ferroelectricity before introducing
some piezoelectric materials and treating piezoelectric actuators in more detail.
3.3.1. Fundamentals of piezoelectricity
When pressure is applied to certain electrically non-conductive materials an electric potential
can be generated. This phenomenon is called piezoelectric effect and was first demonstrated
in 1880 by Jacques and Pierre Curie when studying the properties of crystals like tourmaline
and quartz. The piezoelectric effect can be observed in crystalline materials without inversion
symmetry, which means that they have at least one polar axis. 21 of the 32 crystallographic
point groups fulfill this requirement and 20 of those exhibit piezoelectricity.
Pressure along a polar axis leads to a displacement of the atoms of the unit cell in such a way,
that an electric dipole forms (Figure 3.6). This change in polarization results in a change of
surface charge of the crystalline material and hence in an electric field. If otherwise an electric
field is applied to a piezoelectric material, the formation of an electric dipole is forced, which
results in deformation of the crystal.
This inverse piezo electric effect is utilized in piezo electric actuators. The actuator length
can be changed by voltage. Hence, the length and thus the resonance frequency of a cavity with










Figure 3.6.: Deformation of a piezoelectric crystal leading to a separation of the positive and
negative center of charge. The result is an electric dipole.
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Mathematical description of piezoelectricity
For a mathematical description of the piezoelectric effect four physical relations have to be
considered. When an electric field Ej is applied to a dielectric material the charge separation
is described by the polarization vector Pi = χijEj (i,j=1,2,3), where χij is the susceptibility.
When the polarization of the free space (ϵ0E) is also taken into account, the total surface charge
density is given by the dielectric displacement vector D:
Di = ϵ0Ei + Pi = ϵ0δijEj + χijEj = ϵijEj , (3.35)
where δij is the Kronecker delta and ϵij = ϵ0δij + χij is the dielectric permittivity.
Piezoelectric materials cannot only be polarized by an electric field but also by mechanical
stress Xij . The so called direct piezoelectric effect can be written by
Di = dijkXjk, (3.36)
where dijk is a third rank tensor containing the piezo electric coefficients.
The relationship between stress Xij applied upon an elastic material and the resulting strain
xij can be described in linear approximation by Hookes’s law
xij = sijklXkl, (3.37)
where sijkl is the elastic compliance. In piezoelectric materials strain can also be caused by an
applied electric field as described by the converse piezoelectric effect
xij = dkijEk = dtijkEk, (3.38)
where dtijk is the transposed of the tensor introduced in equation (3.36).
The coupling between the elastic and electrical parameters of a material can be introduced
formally using the thermodynamic approach [45]. For isothermal processes equations (3.35)-
(3.38) can be combined in the following set of equations
xij = sEijklXkl + dXkijEk (3.39)
Di = dEijkXjk + ϵXij Ej , (3.40)
where superscripts indicate variables held constant. Equations (3.39) and (3.40) are known as
the piezoelectric constitutive equations. A further result of the thermodynamic approach is the
thermodynamic equivalence of the direct and converse piezoelectric effect
dXkij = dEijk = dijk. (3.41)
Since the piezoelectric tensor, the strain tensor, the compliance tensor, and the stress tensor
are symmetric, the Voigt notation can be used to simplify their form. The tensor entries ii =
11, 22, 33 become m = 1, 2, 3, which corresponds to the x, y, and z axis of the crystal, and
the shear entries ij = 23 or 32, 13 or 31, 12 or 21 become m = 4, 5, 6. Thus, the constitutive
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equations can be written as
xm = sEmnXn + dimEi (3.42)
Di = dimXm + ϵXij Ej . (3.43)
The piezoelectric tensor in this notation is a 3 × 6 matrix which is the form typically found
in literature. The first index i denotes the component of electric displacement D or E in
the Cartesian reference frame (x, y, z) and the second index m describes the mechanical stress.
m = 1, 2, 3 corresponds to the normal stress along the x, y and z axes, respectively, whereas m =
4, 5, 6 corresponds to shear stress [46]. The entries of the tensor, the piezoelectric coefficients,
are generally specified with the unit C/N which is equivalent to m/V.
Electrostrictive effect
When an electric field is applied to a dielectric material the induced strain has not only a linear
dependency as described in equation (3.38), but also higher order terms. The second order effect
xij = MijklEkEl. (3.44)
is called electrostrictive effect. It is typically much smaller than the piezo effect and can thus
be neglected in piezoelectric materials. However, the electrostrictive effect occurs in all dielec-
tric materials and not only in the 20 piezoelectric point groups. There are, for example, the
relaxor ferroelectrics which show not only an extremely large dielectric constant, but also an
electrostrictive strain in the same order as typical piezoelectric strains.
3.3.2. Ferroelectricity
A special subset of piezoelectric materials are ferroelectrics. Ferroelectrics possess at least two
equilibrium orientations of the spontaneous polarization vector whose direction can be switched
between those orientations by an electric field. Ferroelectricity is thus the phenomena, that
materials change their spontaneous polarization under the influence of an electric field.
Above a certain temperature called Curie temperature ferroelectrics have no spontaneous
polarization and are thus not piezoelectric. Typical Curie temperatures of ferroelectrics are
between 150 ◦C and 500 ◦C. When ferroelectrics are cooled through the phase transition at the
Curie temperature, spontaneous polarization occurs whose direction does vary throughout the
crystal. For example, in the perovskite structure (Figure 3.7) the spontaneous polarization takes
the direction of all six axes of the cubic cell with the same probability. A ferroelectric crystal
that is composed of many cells thus has a net polarization of zero and exhibits no piezoelectric
properties.
The crystal tends to build regions with the same polarization which are called ferroelectric
domains. Regions between two domains are called domain walls, analogous to the Weiss domains
and Bloch walls in ferromagnetism. The ferroelectric domain walls are much narrower than
the domain walls in ferromagnetic materials. They are in the order of 1 nm to 10 nm which






Figure 3.7.: Perovskite structure using the example of PbZrO3 or PbTiO3. The solid solution of
those two compounds is the most commonly used piezo material lead zirconate titanate (PZT). Left:
in the cubic structure above the Curie temperature. Right: in the tetragonal structure below the
Curie temperature. The center atom is randomly displaced in all six axes of the cubic cell.
ten kV/cm the domains can be reoriented along a common axis; the crystal becomes single-
domain exhibiting strong piezoelectric properties.
Most ferroelectric materials are not single crystals but polycrystalline ceramics. They consist
of a multitude of grains which are randomly oriented (Figure 3.8). Poling of theses ceramics
does not orient the grains but the domains within individual grains. The domains can be aligned
along the directions that are permissible by the individual grain crystal symmetry and that lie
as close as possible to the direction of the field. After this poling process the polycrystalline
ferroelectric exhibits piezoelectric properties, even though there are still many domain walls
present. The domain structure is an important feature of ferroelectrics that leads to special
characteristics of this material class as presented in the following.
Hysteresis
When a certain voltage is applied to a ferroelectric material the resulting displacement is not only
determined by the present voltage value but also by its previous displacement. This behavior is
called hysteresis.
The domain structure of the ferroelectric material leads to the typical hysteresis loop as shown
in Figure 3.9. For low electric fields the polarization shows a linear behavior (P = χE). When
the field is strong enough to switch domains with unfavorable orientation the polarization shows
a non linear behavior until all domains are aligned and the saturation polarization PS is reached
(segment a). When decreasing the electric field some domains start to switch back but at zero
Figure 3.8: Schematic of the microstructure
(grains and domains) of a ferroelectric polycrys-















Figure 3.9: Hysteresis loop. Polarization P of a fer-
roelectric material as a function of the applied electric
field E. PS is the saturation polarization, PR is the
remnant polarization, and EC the coercive field. See
main text for further explanations.
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Figure 3.10.: Strain of a ferroelectric material as a function of the electric field. a) shows the
typical butterfly loop for a single-domain single crystal (adapted from [45]). With increasing and
decreasing electric field, the strain traces the loop ABCBA DEFEA GBCBA. When the electric field
is antiparallel to the polarization, the crystal contracts until at point D and G, the electric field is
strong enough to switch the polarization, so that it is again parallel to the electric field. b) shows
the butterfly loop for a polycrystalline ceramic. The red marked hysteresis loop is typically observed




field there is still a non zero polarization, the so called remnant polarization PR (segment b).
To further decrease the polarization it is necessary to apply a negative electric field. At the
coercive field EC , the polarization finally becomes zero again. A stronger negative electric field
leads to a negative polarization and continues the loop in the opposite direction (segment c).
The strain over voltage plot shows a hysteresis loop, too, which is called butterfly loop due
to its characteristic shape. For an idealized single-domain single crystal the hysteresis loop
has the form as depicted in Figure 3.10a. When an electric field is applied in the direction of
the crystal polarization axis, a linear behavior of the strain following the converse piezoelectric
effect (x = dE) can be observed. If the electric field is antiparallel to the polarization, the linear
relation is only valid for small electric fields. Large fields switch the polarization direction so
that it becomes again parallel to the electric field. For polycrystalline materials the butterfly
curve has a more complicated form (Figure 3.10b) due to the various domains. In a typical
actuator application the applied electric fields are kept so low that no domain switching occurs.
In this case, the hysteresis loop has the form as depicted in red in Figure 3.10b.
Creep
Creep is another process which can be attributed to the domain structure of ferroelectric crystals.
When a certain electric field is applied to the piezo material, a corresponding strain is induced
in accordance with the converse piezoelectric effect (equation (3.38)). This ‘instant’ strain is
followed by a slow additional strain change without any related voltage change. This can be
explained by the fact that after changing the electric field not all domains are instantaneously
oriented. The remaining unoriented domains get aligned by the resulting inner field, however
with some delay. The rate of creep decreases logarithmically with time as phenomenological
described by the following equation [49]
s(t) = s(0.1 s)[1 + γ · log( t0.1 s)]. (3.45)
s(0.1 s) is the strain at 0.1 s after an abrupt voltage change and γ is the creep factor, which
depends of the magnitude of the voltage change. For PZT ceramics it is in the order of 0.01 to
0.02 corresponding to 1% to 2% per time decade [50].
Aging
Ferroelectric materials show a time dependence of their elastic, dielectric and piezoelectric coef-
ficients. The alteration of this coefficients in absence of external forces or temperature changes
is known as aging. An important contribution to aging is the slow relaxation of the high stresses
that are introduced into the ceramics during poling at elevated temperatures. The domain con-
figuration tends to reach a new equilibrium state relieving some of the stresses. In PZT ceramics





There exist a large number of piezoelectric materials, which have quite different properties and
are thus useful for different applications. In the following the most important types of materials
will be presented including their most prominent representatives.
Natural crystals - quartz A large number of natural crystals exhibit piezoelectricity, like tour-
maline or rochelle salt. The most important representative of this group is quartz. Due to its
extremely low acoustic losses and the excellent stability of its piezoelectric properties with time
and temperature, quartz is widely used as precision oscillator or for other applications in the
field of frequency control. Quartz has the chemical composition SiO2 arranged in a trigonal
structure (α-quartz). Its piezoelectric coefficients are
d =
dxxx dxyy dxzz dxyz dxxz dxxydyxx dyyy dyzz dyyz dyxz dyxy
dzxx dzyy dzzz dzyz dzxz dzxy
 =
2.3 −2.3 0 −0.67 0 00 0 0 0 0.67 −4.6
0 0 0 0 0 0
 · 10−12 mV .
(3.46)
Like all natural crystals, quartz has a relatively small piezoelectric strain and is thus seldom
used in actuator applications.
Ferroelectric ceramics - PZT In the 1940s, ferroelectric ceramics like Barium titanate where
discovered to be piezoelectric during and after exposing the ceramic to a high electric field. A
few years later, excellent piezoelectric performance was found in lead zirconate titanate (PZT).
PZT is a ferroelectric solid solution with the chemical formula Pb[ZrxTi1−x]O3. Above the
Curie temperature, PZT has cubic perovskite structure with a Zirconium or Titanium atom in
the center (Figure 3.7). Below the Curie temperature, the lattice changes to a tetragonal or
rhombohedral structure leading to a displacement of the center atom. At room temperature,
the unit cell thus shows a dipole moment and has piezoelectric properties. Whether the lattice
changes in a tetragonal or rhombohedral structure, depends on the mixing ratio of PbZrO3 and
PbTiO3 [48] (Figure 3.11). Near the boundary between these two phases, the morphotropic
phase boundary (MPB), the PZT ceramic exhibit a large piezoelectric coefficient. This is a
result of enhanced polarizability, which arises from the coupling between the two equivalent
energy states and allows optimum domain reorientation during the poling process.
The properties of the PZT ceramics can be modified by doping the material. Acceptor doping
leads to hard PZT, donor doping to soft PZT. Soft PZT can be polarized more easily, leading
to a higher piezoelectric constant, but lower electrical and mechanical resistivity. The exact
values of the piezoelectric constant thus depend on the particular composition of the ceramic.
For instance, the piezoelectric tensor of a typical PZT ceramic, PZT-5A, has the form
d =
 0 0 0 0 584 00 0 0 584 0 0
−171 −171 374 0 0 0
 10−12 mV (3.47)
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Figure 3.11: Phase transitions of PZT ceramics at the
polymorphic (1) and at the morphotropic (2) phase bound-




























(1-x) PbTiO3 x PbZrO3
High piezoelectric coefficients, a simple fabrication process, the possibility of variable shaping,
as well as low-cost manufacturing have made PZT the most widely used piezoelectric material.
Thus, PZT has even become a synonym for piezoelectric elements in the everyday language.
Relaxor based ferroelectric single crystals - PZN-PT Relaxor ferroelectrics are character-
ized by a strong dispersion of the dielectric constant. The dielectric constant drops off rapidly
with frequency, what led to the designation "relaxor". Like PZT, solid solutions of relaxor ferro-
electrics and PbTiO3 have a morphotropic phase boundary, but exhibit even higher piezoelectric
coefficients near this boundary. One representative of this class is PZN-PT with the chemical
formula (1 − x)Pb(Zn1/3Nb2/3)O3 − xPbTiO3. For x < 8 it shows a rhombohedral structure
and, when oriented along its pseudocubic <001> direction, exhibits large piezoelectric coeffi-
cients (d33 > 2500 pm/V) near the MPB. In contrast to PZT, PZN-PT can be grown in a single
crystal form using the high temperature flux technique.
Electrostrictive materials Electrostrictive materials like the relaxor material lead magnesium
niobate (PMN) are also used for actuator applications. In comparison to PZT, PMN shows lower
hysteresis in a certain temperature range and is less sensitive to pulling forces. The disadvantages
are a higher capacitance (and thus the need of a higher drive current) and a higher dependency
on temperature changes.
Polymers Piezoelectricity is also present in polymers like polyvinylidene fluoride (PVDF). The
piezoelectricity in this polymer class arises from the strong molecular dipoles within the polymer
chain. PVDF has moderate piezoelectric coefficients (d33 around 20-30 pC/N) and is supplied in
the form of a thin film. It is thus suitable for applications as ultrasonic transducers or pressure
















Figure 3.12.: Types of piezoelectric actuators. (a) piezoelectric ring actuator (b) stack actuator
(c) tube actuator. The arrows in figure b) indicate the polarization of the individual actuators.
3.3.4. Piezoelectric actuators
The described materials can be used to build piezoelectric actuators. Piezoelectric actuators
make use of the converse piezoelectric effect xj = dijEi. When the electric field is applied in
poling direction, a longitudinal piezo effect
x3 = d33 · E3 (3.48)
can be observed, as well as a transversal piezo effect
x1 = d31 · E3. (3.49)
Actuator types
Disc or ring actuator The length change ∆L of an actuator along the direction of the electric
field E3 (Figure 3.12a) does only depend on the applied voltage U and the piezoelectric coefficient
∆L = x3L0 = E3d33L0 = d33
U
L0
L0 = d33U. (3.50)
The dimension of the piezoelectric device is of no importance. This can be explained by the
fact that the charge displacements of the unit cells inside the crystal are compensated by the
next unit cell. Only the unit cells at the end faces of the crystal contribute to the piezoelectric
displacement. To increase stroke, several actuators either have to be connected in series or the
transversal piezo effect must be used.
Stack actuators Several actuators in series are called stack actuator. A stack of ceramic layers
is separated by thin metal electrodes. Two adjacent ceramic layers have opposite polarization,
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as schematically shown in Figure 3.12b, so that the alternating positive and negative electrodes
always generate an electric field along the polarization axis. The layer thickness is typically
between 0.4 mm and 1 mm. The displacement of the n different layers accumulate and formula
(3.50) changes to
∆L = n · d33 · U. (3.51)
Typical PZT stack actuators have a potential strain of up to 1%.
Multilayer actuators A multilayer actuator is a special kind of stack actuator, where the thin
PZT ceramic layers are provided with electrodes before sintering. These layers are stacked and
then sintered together (cofired) to create a monolithic piezo ceramic block. The multilayer blocks
produced in this way have a higher life time and reliability than conventional piezo stacks.
Tube actuators Piezo tubes make use of the transversal piezo effect. The electric field is
applied between the inner and outer wall of a piezo electric tube with a wall thickness d as
shown in Figure 3.12c. In this geometry, the resulting displacement depends on the dimensions
of the actuator: the thinner the wall and the longer the tube the bigger the displacement:




Shear actuators If the electric field is not applied in poling direction but perpendicular to it,
shear forces arises, which lead to a lateral displacement of the actuator surface. This displace-
ment is larger than that of linear actuators, because the corresponding piezo coefficient d15 is
larger (equation (3.47)). Shear actuators are used in applications such as piezo linear motors.
Operation of piezoelectric actuators
Voltages Commercially available piezo actuators are typically either designed for high voltage
operation, which means that up to 1000 V can be applied to the actuator, or for low voltage
operation, where a maximum voltage of 150 V can be applied. Ferroelectric actuators can only
be operated with negative voltages of about 20% of the maximum applicable positive voltage,
since higher negative electric fields would lead to depoling of the actuator.
Loads PZT ceramics are brittle and can thus not withstand high tensile or shear forces. They
can be loaded with pressure of up to 250 MPa without breaking. However, depoling arises
already at 20 to 30 % of this pressure. Maximum allowed tensile forces are only 5 to 10 % of
this value and shear forces are to be avoided completely. Hence, prestressed actuators have to
be used for applications with high tensile or shear forces.
If a piezoelectric actuator with a stiffness kP is loaded with a constant force F , it is compressed
by ∆L = F/kP , while the full displacement range of the actuator is still available. If the








where kS is the stiffness of the elastic load and ∆L0 the nominal displacement without external
force or restraint.
The stiffness of the piezo actuator depends on whether the actuator is short circuited or not.
When an actuator with open electrodes is compressed, an electric field builds up (due to the
piezo effect) which imposes a counterforce opposing the mechanical stress. Thus, actuators with
open electrodes show a higher stiffness than short circuited piezo actuators. In typical actuator
applications, the piezo is driven with a low output impedance voltage supply and consequently
the short circuited stiffness has to be considered.
Dynamic operation A piezo actuator can be considered as a spring mass system with an
effective mass of meff = 13m + M [51], where m is the mass of the actuator and M any additional








PZT stack actuators typically have resonance frequencies of a few ten kilohertz. When operated
in a servo loop, these resonances may limit the bandwidth of the feedback.
When a piezoelectric actuator is driven with a sinusoidal signal, the actuator is exposed to a





Thus, to avoid excessive tensile forces, frequencies higher than a few hundred kilohertz can only




The previous chapter provided theoretical foundations of piezo-tunable cavities and their ap-
plication as frequency references. This chapter will now present the technical implementation
of such a tunable frequency reference. Four cavities with different piezo actuators have been
assembled to investigate the influence of piezo actuators on the frequency stability of an optical
cavity. In the following, the tested cavities will be described in detail and it will be estimated
how various external effects influence the frequency stability of these cavities. Furthermore, the
test setup in which the piezo-tunable cavities were investigated will be presented.
4.1. Cavities with incorporated piezo actuator
The piezo-tunable cavities consist of a Zerodur spacer, one or two piezo actuators, and fused
silica mirrors. The frequency stability of a cavity stabilized laser depends on the stability of the
over all length of the cavity. Thus, the thermal and mechanical properties of the incorporated
piezo actuators need to be carefully chosen. In the following, the employed piezo actuators will
be described in detail before more information about the cavity assemblies will be given.
4.1.1. The piezoelectric actuators
The four different piezo actuators that were selected to be integrated in a cavity are a stack
actuator and a tube actuator made from lead zirconate titanate (PZT), a quartz crystal, and a
lead zinc niobate - lead titanate (PZN-PT) single crystal. The applied actuators are listed in
Table 4.1 with supplier information, dimensions and nominal tuning range. Those actuators were
chosen since, on the one hand, they were available in a ring shaped version, which is import for
actuator supplier (type) L OD ID ∆L/U
(mm) (mm) (mm) (nm/V)
PZT stack PI (Pica™ Thru) 7 25 16 5
PZT tube PI (PT tube) 10 20 18 2.1
PZN-PT microfine 3 13 10 1.9
quartz Boston piezo-optics 5 25 16 0.0023
Table 4.1.: List of the applied piezo actuators. L: length, OD: outer diameter, ID inner diameter.
The tuning coefficients ∆L/U are calculated using equations (3.50) and (3.51) and the appropriate
piezoelectric coefficients. In the case of the PZT stack actuator, the nominal tuning range was
specified by the manufacturer.
39
4. Experimental Implementation
Material dij CTE E Q
(pm/V) (10−6/K) (GPa)
PZT (PIC151) d33: 500 -5 60 100
d31: -210
quartz d11: -2.3 13 76.5 200 000
PZN-(6-7)%PT d33: 1910 < 10 62.5 100
Zerodur - <0.02 3100
ULE - <0.02 61 000
Table 4.2.: Relevant properties of the piezo materials used in this work: PZT (PI ceramics, PIC
151), quartz (Boston Piezo-Optics, crystal quartz) and PZN-PT (Microfine Materials Technologies,
PZN-(6-7)%PT single crystals). dij denotes the piezoelectric coefficient, CTE the coefficient of
thermal expansion, E the Young’s Modulus and Q the mechanical quality factor. For the PZN-PT
single crystal no CTE value could be found in the literature; the given value is derived from own
measurements. It should be noted that the listed values describe only the pure piezo material and
do not account for adhesive or electrodes as used in the case of the PZT stack actuator. For these
reasons, e.g, the stack actuator actually has a CTE of 3.5 × 10−6 /K.
the integration in a cavity configuration. On the other hand, they have quite different material
properties whose influence on the frequency stability may provide interesting information.
The properties of the piezo materials which are relevant for the use in a cavity are given in
Table 4.2. The CTE of all these piezo materials is more than two orders of magnitude higher
than that of cavity spacer materials like Zerodur or ultra low expansion glass (ULE), which
may influence the long term performance of a cavity with an incorporated piezo actuator. The
Young’s modulus (E), which should be high to provide a low vibration sensitivity as well as a
low thermal noise level, is of the same order of magnitude as that of Zerodur or ULE. The
mechanical quality factor (Q), which should be high to achieve a low thermal noise level, shows
significant differences between the piezo materials as well as in comparison to Zerodur and ULE.
PZT ceramic was selected as the typical actuator material; two different types of PZT actua-
tors were tested as differences in the mechanical stability of a stack actuator, which consists of
many PZT and electrode layers, and a tube actuator, where the transversal piezo effect is used,
were expected. Quartz is typically not used in actuator applications due to its low piezoelectric
coefficient, but it is nevertheless an interesting material because of its high Q-factor. The relaxor
ferroelectric PZN-PT has a high piezoelectric coefficient and contrary to PZT, it is available as
single crystal, which may have a better mechanical stability.
In the case of the PZT stack and PZT tube actuator, the wires for electrical control are
positioned at the side of the actuator. In the case of the PZN-PT and the quartz actuator the
wires would have to be contacted to the electrodes on the end faces of the actuators, which
would interfere with a proper assembly of the cavity. For this reason, these two actuators had to
be modified as shown in Figures 4.1a and 4.1b. The wiring of the PZT stack actuator was done
by the manufacturer. The PZT tube actuator and the quartz actuator had to be electrically
connected by soldering, taking care that the PZT ceramic does not get to hot (< 250 ◦C) to
avoid depoling. The PZN-PT actuator is even more sensitive to high temperature, which is why
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250 - 300 µm
A
Detail A
(a) PZN-PT (b) Quartz
Figure 4.1.: Modifications of the actuators for proper wiring. The electrodes are applied to the
end faces of the actuators. To allow wiring without corrupting the flatness of the end faces, a sort
of pronounced chamfer was machined to the PZN-PT actuator (left). For the quartz actuators, this
issue was solved by extending the electrodes to the circumference of the quartz rings in the form of
two tabs (right).
the cables were connected by gluing using an electrically conductive adhesive (Chemtronics,
CircuitWorks Conductive Epoxy).
4.1.2. The cavities
The actuators described above were used to build four cavities which consist of a Zerodur spacer,
one or two piezo actuators, and one plane and one concave fused silica mirror. The Zerodur
spacer is 10 cm long, 5 cm in diameter, and has a center borehole with a diameter of 1 cm. The 1
inch or 1/2 inch sized mirrors are coated for high reflectivity at 1064 nm with a targeted finesse
of 300 000. The curved mirrors have a radius of curvature of 50 cm. The cavities have either
been built by attaching one piezo between spacer and plane or curved mirror or by attaching
piezo actuators between spacer and mirrors on both sides (Figure 4.2 and Table 4.3). For
the assembly of the cavity with the PZT tube actuator, 1 inch Zerodur adapter rings with a
thickness of 5 mm were installed between each actuator and mirror such that no adhesive had
to be applied to the mirror surfaces. The same kind of adapter was used in the assembly of the
cavity with PZN-PT actuator between spacer and actuator. In addition, a 2 mm thick fused
silica adapter ring was applied between actuator and mirror. Here, the adapters were applied
so that the electrical conductive adhesive used for wiring has no contact with the cavity mirror
and spacer. Figure 4.3 shows photographs of the assembled piezo-tunable cavities, while Table
4.4 lists further specifications.
The cavity parts were joined together using the low-outgassing epoxy Eccobond 285, which has
a high viscosity and a relatively low CTE (3 × 10−5 1/K). The spacer was positioned vertically
and the actuator and mirror were placed on top of it. A weight (200 g) was placed on top of the





















Figure 4.2.: Details on the assembly of the piezo-tunable cavities, cross-sectional view. The piezo
actuator is always depicted in black.
PZT stack PZT tube quartz PZN-PT
piezo position p p+c p+c c
mirrors plane 1" 1/2" 1" 1"
curved 1" 1/2" 1" 1/2"
adapters - 2·Z - Z+FS
Table 4.3.: Details on the cavity assembly. The piezo position ‘p’ denotes that the piezo actuator is
attached on the side with the plane mirror and ‘c’ on the side with the curved mirror. The diameter
of the plane and the curved mirror is stated in the next two lines. The row ‘adapters’ points out
which adapters were used for building the cavities and in which quantity. ‘Z’ denotes the Zerodur
adapter and ‘FS’ the fused silica adapter described in the main text.
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(a) PZT stack (b) Quartz
(c) PZT tube (d) PZN-PT
Figure 4.3.: Pictures of the cavities with incorporated piezo actuator. The adhesive is clearly visible
as black spots.
PZT stack PZT tube quartz PZN-PT fixed
LC (mm) 107 130 110 110 100
FSR (GHz) 1.4 1.15 1.36 1.36 1.5
w0,p (µm) 264 273 265 265 260
w0,c (µm) 297 317 300 300 291
∆ν/U (MHz/V) 13.2 9.1 0.0012 4.9 -
Table 4.4.: Specifications of the piezo-tunable cavities assembled within this work. LC is the length
of the assembled cavity, FSR the free spectral range, w0,p the beam waist on the plane mirror, and
w0,c the beam waist on the curved mirror. ∆ν/U describes the expected frequency/voltage tuning
coefficient of the cavities.
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between the parts but at the outside. Each attachment was done with three adhesive points or
bridges to easily disassemble the cavities after characterization. Thus, it was possible to test
different piezo materials in a cavity configuration using the same spacer.
Furthermore, a ‘fixed’ cavity with both mirrors optically contacted has been built using an
identical spacer. This cavity serves as a reference to characterize the cavities with incorporated
piezo actuator. Placed in the same test environment as the tunable cavities, the fixed cavity
allows to distinguish between piezo related effects or environmental effects on the frequency
stability. In this way, more information about the influence of the piezo actuators can be
obtained.
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4.2. Noise sources and environmental disturbances







There are several effects that degrade the frequency stability by either changing the cavity
length or the lock error signal. The cavities have thus to be tested in an appropriate setup
that suppresses most of the effects. To design such a test environment it is necessary to know
potential noise sources and disturbances. Therefore, several effects that influence the frequency
stability have been analyzed and will be described in the following. They are classified according
to how the effect depends on the use of a piezo actuator within the cavity configuration.
4.2.1. Effects independent of the piezo actuator
The first examined effects have in common that their influence on the laser frequency stability
does not depend on the piezo actuator. They either affect the lock performance or change
the optical path length of the cavity without changing the actual spacer length. Thus, the
suppression of those effects requires the same effort as in other cavity experiments.
Detector noise
According to equation (3.20), noise in the detection system may compromise the performance
of a cavity stabilization system. Of special interest is the quantum shot noise of the light on the
photo detector that sets a fundamental limit on the frequency stability.
The PDH stabilization scheme (Section 3.2.2) requires a phase modulated laser. When the
frequency of this phase modulated laser is in resonance with the cavity, that is assumed to
be perfectly impedance and mode matched, the carrier is completely transmitted and only the
sidebands reflects off the cavity and fall on the photodetector. Considering only the two first
order sidebands, the average intensity measured be the photodetector is thus 2J21 (β)P0. This













where e is the elementary charge, I the detector photocurrent, Jk(β) the Bessel function, η the
quantum efficiency of the photo detector, P0 the laser power impinging on the cavity, h the
Planck constant, and ν the laser frequency. The frequency noise arising from this shot noise








Γν is the linewidth of the cavity resonance.
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According to equation (3.20), the closed loop spectral density of the laser, when stabilized










Assuming typical values of a cavity stabilization setup, i.e. β = 1.08, η = 0.7, P0 = 20 µW, and
Γν = 5 kHz a value of
Sf = 0.3 mHz/
√
Hz (4.5)
can be calculated. This value is well below the required 30 Hz/
√
Hz and also below the fre-
quency noise of the best non-tunable cavities, which is about 50 mHz/
√
Hz. With this power
level, detector noise should thus not be a critical noise source when realizing shot noise limited
detection.
Intensity fluctuations
A small part of the laser light, which couples into the cavity is absorbed in the cavity mirrors.
This leads to a heating of the cavity. Due to thermal expansion the length, and thus the resonance
frequency of the cavity changes according to the light intensity. Consequently, intensity noise
causes frequency noise. A model for this photothermal noise has been developed by Cerdonio
et al. [52]. The frequency dependent displacement noise Sx(ω) caused by intensity noise SI(ω)







where σ is the Poisson ratio, α the CTE, κ the thermal conductivity, A the absorption coefficient
of the mirrors, and K[ω/ωc] a shape function. The shape function is ∼ ωc/ω for ω ≫ ωc and





where ρ is the mass density, C the specific heat capacity and r0 the laser beam radius.
With this model and using δν/ν = −δL/L, the sensitivity to intensity changes in the low







· A · ν
L
≈ 800 Hz/W. (4.8)
For the calculation of the sensitivity, A was assumed to be 1 ppm and the material properties of
fused silica were used. Typically, a few 10 µW are coupled into the cavities. Even with intensity
fluctuations of 1 % the resulting frequency fluctuations are below 1 mHz.
Intensity fluctuations can also affect the stability performance by shifting the lock point.
Intensity fluctuations cause amplitude changes of the error signal. If the error signal crosses
zero exactly when the laser is on resonance, a change of the error signal amplitude has no
impact on the lock point (Figure 4.4a). However, if an offset is present, a change in amplitude
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Figure 4.4.: Influence of amplitude changes of the error signal with (a) and without (b) an offset
of the error signal. Graph adapted from [54].
causes a lock point shift (Figure 4.4b) and thus a frequency change. Constant error signal
offsets are easily compensated electronically. Varying offsets caused, e.g. by residual amplitude
modulation (RAM), parasitic resonators, or temperature changes in the lock electronics, would
require an active compensation [53].
Beam pointing fluctuations
Beam pointing fluctuations change the incoupling in the cavity and thus the intensity in the
cavity. If the incident beam has a parallel displacement of ax to the fundamental mode, the
percentage of the light that couples into the cavity is [55]
p(ax) ≈ 1 − (ax/w0)2, (4.9)
where w0 is the waist of the fundamental mode. An angular misalignment of αx leads to a
percentage of




that couples into the cavity. For example, with a beam waist of 260 µm and a displacement of
100 µm or an angular misalignment of 0.5 mrad only 85% of the light couples in the cavity. Beam
pointing fluctuations thus lead to intensity fluctuations in the cavity, which causes frequency
fluctuations as described in the previous section
Furthermore, beam position fluctuations on the photo detectors can shift the lock point and
lead to frequency fluctuations. In general, photo diodes are not uniformly fabricated and the
measured photo current depends on the exact position of the beam spot. Moreover, the imperfect
incoupling into the cavity due to beam pointing fluctuations leads to interference effects between
the TEM00 mode and non-resonant higher-order spatial modes, which are sensed by a not
uniformly fabricated photo diode. The effect is similar to that intentionally used in the tilt
locking technique [56]. To suppress beam pointing fluctuations highly stable optomechanics




Reflecting elements in the optical setup can build a parasitic resonator, also called etalon, which
acts as an additional frequency discriminator and does thus influence the PDH error signal.
Hence, for the calculation of the error signal, equation (3.23) has to be modified by combining
the modulated laser field not only with the cavity transfer function H, but also with the transfer




Jk(β)H(ω + kΩ)HE(ω + kΩ)e−i(ω+kΩ)t. (4.11)
A parasitic resonator as a resonator with very low finesse causes an oscillation of the error
signal baseline (Figures 4.5a and 4.5b). The position of the oscillation relative to the error
signal depends on the frequency where the parasitic resonator has maximum transmission in
comparison to the cavity resonance frequency. When the length of the parasitic resonator is
varying due to temperature fluctuations, the offset of the two frequency changes which leads to
fluctuations of the error signal zero point and thus to lock-point shifts (Figure 4.4).
The influence of a parasitic resonator depends on the length and finesse of the parasitic
resonator, the linewidth and coupling efficiency of the high finesse cavity as well as on the
modulation frequency. When the modulation frequency is equal to the FSR of the parasitic
resonator, carrier and sidebands are shifted equally and the parasitic resonator has no effect on
the error signal. Accordingly the maximal effect is given when the modulation frequency is half
the FSR.
To minimize the influence of parasitic resonators, it must be ensured that all optical parts
have an antireflection coating and are mounted slightly tilted in the beam path, if possible. Also
a compact optical setup with a short beam path is helpful. A further possibility is to actively
stabilize the length of the parasitic resonator, e.g. by stabilizing the length of an optical fiber
that is in the optical beam path of the parasitic resonators [57, 58].
Residual amplitude modulation
In a real system, phase modulation of the laser light cannot be done without residual amplitude
modulation (RAM). The purely phase modulated laser beam from equation 3.21 becomes
ERAM(t) = E0(1 + A cos(Ωt + φ))ei(ωt+β sin Ωt) (4.12)
= E0[ei(ωt+β sin Ωt) +
A
2 e
i((ω+Ω)t+β sin Ωt+φ) + A2 e
i((ω−Ω)t+β sin Ωt−φ)], (4.13)
where A is the amplitude and φ the phase of the residual amplitude modulation. Using Bessel
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(a) PDH error signal with parasitic res-
onator.

















(b) Difference of the PDH error signal with
and without parasitic resonator.















(c) PDH error signal modified by RAM in
phase with the the PDH phase modulation.

















(d) Difference of the PDH error signal mod-
ified by RAM (in phase) and the unmodified
error signal.















(e) PDH error signal modified by RAM out
of phase with the PDH phase modulation.















(f) Difference of the PDH error signal modi-
fied by RAM (out of phase) and the unmod-
ified error signal.
Figure 4.5.: Modification of the error signal by a parasitic resonator and RAM. The graphs are
calculated for a cavity resonance linewidth of 15 kHz, a finesse of 100 000, a coupling efficiency of
50% and a PDH modulation frequency of 1 MHz. For the parasitic resonator a reflectivity of 2% for
both mirrors and an optical path length of 20 m was taken for calculation. The RAM amplitude is




Jak (β) = Jk(β) +
A
2 Jk−1(β)e
iφ + A2 Jk+1(β)e
−iφ. (4.15)
For the calculation of the PDH error signal the Bessel functions Jk(β) in equation (3.29)
and (3.34) have to be substituted with Jak (β), which leads to a modified error signal dependent
of the amplitude and phase of the residual amplitude modulation. When the RAM signal is
in phase with the PDH phase modulation, RAM leads to an offset in the error signal (Figure
4.5e). This offset is constant when the laser frequency is off resonance. When the carrier or the
sidebands couple into the cavity, a part of the light is transmitted and the missing information
at the detector in reflection leads to a smaller offset (Figure 4.5f). In the case of a perfectly
mode and impedance matched cavity all light is transmitted at resonance and RAM causes no
shift of the error signal zero crossing. When the RAM signal is out of phase, the error signal is
only slightly modified in comparison to the error signal without RAM (Figures 4.5c and 4.5d).
Thus, a changing RAM amplitude or RAM phase leads to offset shifts and thus to frequency
fluctuations.
Pressure fluctuations
The resonant frequency of a cavity depends on the optical path length and thus not only on the
distance of the mirrors but also on the refractive index of the material in between. Since high
performance cavities are usually operated in vacuum the refractive index was treated as exactly
one in the previous chapters of this thesis (equations (2.18) and (3.18)). Actually, the refractive
index depends on the pressure with

















= −84.6 MHzmbar , (4.18)
where n0 = 1.00029 and p0 = 1013.25 mbar has been used. Hence, it can be estimated that pres-
sure fluctuations have to be below 3.5 × 10−7 mbar/
√




4.2.2. Effects influenced by the piezo actuator
This section presents effects that change the length of the cavity spacer. In the case of the piezo-
tunable cavities, the Zerodur spacer plus the actuator (and adapters) form the cavity spacer.
The properties of the piezo actuator thus have an influence on the sensitivity of the cavity to
such effects as presented in the following.
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Temperature fluctuations




The CTE α for typical cavity materials such as Zerodur is in the 10−8 1/K range. Piezo materials
show a higher coefficient as can be seen in Table 4.2. When considering the CTE of the assembled





The effective CTE of the piezo-tunable cavities is thus between 10−7 1/K and 10−6 1/K. The
exact calculated values are given in Table 4.5.
PZT stack PZT tube PZN-PT quartz fixed
αcavity (10−6/K) 0.35 -0.75 0.28* 1.2 0.02
Table 4.5.: Estimated thermal expansion coefficients of the cavities. The value of the cavity with
PZN-PT actuator is not a calculated value but derived from own measurements (Section 5.2.3), since
no information could be found in literature. For the calculation of the effective CTE of the assembled
cavities the contribution of the adhesive was neglected.
Vibrations
A cylindrical cavity of length L which is compressed along its axis by gravity experiences a
fractional length change of [59]
∆L
L
= −ρgL2E , (4.21)
where ρ is the mass density and E the Young’s modulus. With this relation the vibration sensi-
tivity of a cavity with a 10 cm long Zerodur spacer standing on one of its ends can be estimated
to 4 MHz/g. With an incorporated 1 cm long PZT piezo actuator the sensitivity increases to
6 MHz/g. In the experiments carried out in this work, the cavities are mounted horizontally. In
this case, gravity compresses the cavity diameter d and thus leads to an expansion of the cavity
length suppressed by the Poisson ratio σ [59]
∆L
L
= −ρgdσ2E . (4.22)
A horizontally mounted cavity with a Zerodur spacer of 5 cm diameter would thus feature a
vibration sensitivity of 470 kHz/g.
These simple models only roughly describe how the cavity length is affected by vibrations.
The actual sensitivity depends strongly on the exact mounting of the cavity. Therefore several
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vibration insensitive cavity designs have been developed [22–24] using for example cut-outs of
the spacer. To find out how the application of a piezo actuator changes the sensitivity to
vibrations, the vibration sensitivity of the different piezo-tunable cavities when supported by
a V-shaped mount was calculated with a finite element method using the program COMSOL
Multiphysics. The results can be seen in Figure 4.6. The influence of the adhesive was neglected
in the modelling. Even though there are big differences in the way the mirrors are deformed, all
cavities show a displacement of about 2 × 10−10 m along the optical axis which corresponds to
a vibration sensitivity of vcavity = ∼ 500 kHz/g (the exact values are given in Table 4.6). Thus,
to reach the required frequency noise level of 30 Hz/
√
Hz, the seismic noise has to be below
6 × 10−5 g/
√
Hz.
PZT stack PZT tube PZN-PT quartz fixed
vcavity (kHz/g) 553 369 487 513 564
Table 4.6.: Estimated vibration sensitivity derived from simulations.
Tilt fluctuations
A tilting of the cavity leads to deformation of the cavity due to changing gravitational forces.
A cylindrical cavity whose optical axis is tilted against the horizontal by an angle of α changes





sin α + σρdg
E
cos α. (4.23)
γ accounts for the mounting conditions of the cavity. If the cavity is only fixed at one side
(γ = 1), the cavity is fully stretched. If the cavity is symmetrically mounted in its center
(γ = 0) the first term would vanish since the upper part of the cavity would be compressed to
the same amount as the lower part is stretched.












B = ηρdg2E . (4.26)
When considering only small tilt angles the quadratic term B can be neglected. The composed
tilt sensitivity for a cavity with incorporated piezo actuator is approximately the sum of the
sensitivity of the two components, spacer and actuator:
Acavity = Aspacer + Apiezo. (4.27)
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DL ~ 2 x 10
-10DL ~ 1.9 x 10
-10DL ~ 1.7 x 10
-10DL ~ 2 x 10
-10
DL ~ 2.1 x 10
y
z
Figure 4.6.: Simulation of the cavity deformation due to gravity. In the simulations the cavities are
supported by a V-mount as depicted by the two pictures on the upper left. The graphs in the center
show the deformation of the cavity under the influence of a gravitation of 1 g in z-direction. The
colors indicate the displacement in x-direction, the mount is grayed out for clarity. The graphs on
the right show the displacement of the cavity mirrors relative to their position without gravitational
force. The beam with a radius of ∼ 250 µm is centered at about z = 0. The length change at this
position is thus of interest for the vibration sensitivity.
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Assuming a non perfect symmetrical mounting with γspacer estimated to 0.1, the tilt sensitivity
of the spacer can be calculated to Aspacer = 2.76 × 10−15 /µrad using α = 0 µrad. In the case
where only one piezo is mounted on one side the scale factor γpiezo is 1; in the case of the
symmetrically assembled double-sided version γpiezo = 0.1 is estimated. Taking as example
the cavity with PZT stack actuator, the sensitivity of the actuator is calculated to Apiezo =
8.94 × 10−15 /µrad (with γpiezo = 1). The sensitivity of the whole cavity is thus Acavity =
1.17 × 10−14 /µrad. This corresponds to 3.3 Hz/µrad. For comparison, a cavity of the same
length without piezo has a sensitivity of 830 mHz/µrad. The sensitivity of the other cavities is
given in Table 4.7. It can be concluded that tilt fluctuations have to be below 9 µrad/
√
Hz to
reach the required frequency stability.
PZT stack PZT tube PZN-PT quartz fixed
Acavity (Hz/µrad) 3.3 1.6 1.9 0.87 0.78
Table 4.7.: Estimated tilt sensitivities of the different cavities. The cavities with PZT tube actuator
and quartz actuator have a lower sensitivity since they are approximately symmetrically assembled
with two actuators. See main text for explanation.
Thermal noise
That thermal noise can affect the stability of a resonator, was first observed in gravitational wave
detectors. Later it turned out that also compact rigid cavities can be limited by thermal noise.
The theoretical description of this process was given by Numata et al. [60]; the displacement
noise of cavity spacer Sx,S, mirror substrate Sx,M and mirror coating Sx,C at a frequency ω can















2d(1 + σ)(1 − 2σ)
πEw20
φC. (4.30)
L and R are the spacer length and radius, E is the Young modulus and σ the Poisson ratio. ω0
is the beam diameter at the mirror and d the coating thickness. The indices S, M and C denote
the spacer, mirror substrate and coating. The piezo actuators are treated as spacer elements.
Table 4.8 gives the calculated displacement noise contribution of each single cavity element. It
can be seen that the PZT and PZN-PT actuators provide the highest noise contribution. Thus,
the thermal noise limit of a cavity is increased when such an actuator is incorporated.
The displacement noise of the complete cavities is calculated by
Sx =

S2x,S + S2x,Piezo + S2x,M1 + S2x,M2 + S2x,C1 + S2x,C2. (4.31)
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L R E Q Sx · (1 Hz/f)1/2
(mm) (mm) (GPa) (10−17 m/
√
Hz)
mirror (fused silica) 73 1 000 000 0.8 - 0.9
coating (Ta2O5−SiO2) 2500 2.1 - 2.5
spacer (Zerodur) 100 25 90 3000 1.3
PZT stack 7 12.5 60 100 4.6
PZT tube 10 10 60 100 6.8
PZN-PT 3 6.5 63 100 5.6
quartz 5 12.5 76 200 000 0.08
Table 4.8.: The table shows the calculated displacement noise of the different cavity components
as well as dimensions and material properties needed for calculation. The poisson ratio of the fused
silica mirror substrates σ = 0.17 was used for calculation as well as a coating thickness of d = 6 µm.
The exact mirror and coating thermal noise depends on the beam waist, which varies slightly due to
the different lengths of the cavities (Table 4.4).






PZT stack 107 5.8 0.15 6.3
PZT tube 130 10.3 0.22 9.4
PZN-PT 110 6.8 0.17 7.3
quartz 110 3.7 0.10 4.0
fixed 100 3.8 0.11 4.5
Table 4.9.: Calculated thermal noise limit of the different cavities. L denotes the cavity length, Sx
the displacement noise of the entire cavity, Sf the frequency noise, and σ the Allan deviation.
In the case of the PZT tube cavity and the quartz cavity, it is taken into account that these
cavities are built with two piezo actuators. In the assembly of the PZN-PT and PZT tube
cavity, adapter plates where used, whose thermal noise contribution was also calculated (but is
negligible).





which is used to calculate the Allan variance
σ2(τ) = 2ln2 · S2f f. (4.33)
Since S2f ∼ 1/f , the Allan variance does not depend on f , which appears as a so called flicker
floor in the Allan variance plot, typical for thermal noise. The calculated thermal noise limits
of all applied cavities are shown in Table 4.9.
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4.2.3. Effects due to the piezo actuator - noise of piezo supply voltage
The application of a piezo actuator gives rise to a kind of noise not present in non-tunable
cavity experiments, namely voltage noise. It is evident that noise in the voltage driving the
piezo actuator may decrease the stability of the cavity and the corresponding laser frequency.





= −d · δU
L
, (4.34)
where d is the voltage to length conversion factor determined by the piezo-electric coefficient and
U the piezo driving voltage. Frequency noise estimations can easily be done using the tuning
coefficients listed in Table 4.1. A higher tuning coefficient requires a lower driving voltage to
reach the same tuning range, but does also increase the sensitivity to voltage noise. In the case
of the PZT stack cavity, for example, a voltage noise below 13 nV/
√
Hz × (1 Hz/f)1/2 is required
to reach thermal noise limited performance. To reach a frequency noise below the required
30 Hz/
√
Hz down to Fourier frequencies of 3 mHz a voltage noise below 150 nV/
√
Hz×(1 Hz/f)1/2
would be necessary. These are challenging specifications, especially in the low frequency range.
Therefore a closer look on noise processes in electronic devices, especially in amplifiers will be
given in the following.
Noise processes in electronic devices
Noise in electronic devices is caused by different noise processes. The most important of them
are shortly described in the following. Note that for the description of voltage and current noise
the spectral density notation is used.
Johnson noise Johnson noise is thermal noise in electronic devices arising from the thermal




where k is the Boltzman constant and R the resistance of the electronic device. To give an
example, the Johnson noise of a 10 kΩ resistor at room temperature is 13 nV/
√
Hz. Johnson
noise has a flat frequency spectrum and is thus a white noise process.
Shot noise Electric current is a flow of discrete electric charges which shows statistical fluctu-




where e is the electron charge and I the average DC current. For example, the shot noise of a
1 mA current is 18 pA/
√
Hz. Thus the voltage drop over a 10 kHz resistor is 180 nV/
√
Hz. Shot
noise does only occur in the presence of a current flow, it is independent of temperature and like
Johnson noise it has a flat frequency spectrum.
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Figure 4.7.: Left: amplifier noise model. In this model, the amplifier is assumed noiseless. en
represents a noise voltage source in series with the input voltage vS from a source with resistance
RS . in represents an input noise current. Right: amplifier with feedback. The equivalent source
noise eA depends on the applied resistors as specified in (4.37). Based on [62].
Flicker noise Flicker noise has a 1/f spectrum and is therefore the dominating noise in the low
frequency range. There are multiple effects which can cause electronic flicker noise like resistance
fluctuations or base current noise in transistors. Flicker noise is associated with a DC current
in electronic devices and unlike Johnson and shot noise it depends on the material choice and
processing.
Noise in operational amplifiers
A voltage source consists mainly of a voltage reference and amplifiers. The behavior of voltage
references in the LISA frequency range has been studied by Fleddermann et al. [61]. The best
such references can reach a relative noise level of less than 10−6 /
√
Hz at 0.1 mHz. A detailed
investigation of the noise properties of operational amplifiers in the low frequency range could
not be found in the literature.
In a simple noise model, an amplifier can be characterized by its equivalent input voltage noise
en and input current noise in (Figure 4.7a). They comprise all noise processes in the amplifier,
which are mainly those described above. Thus, their noise figure is white in the high frequency
range until at a specific corner frequency fc 1/f-noise starts to rise.
The noise of an amplifier with feedback (Figure 4.7b) is the sum of the equivalent input
voltage noise, the Johnson noise of the applied resistors, and the voltage noise generated by the
equivalent input current noise across the resistors. The equivalent source noise can be calculated
by [62]









Taking the example of an OP27G amplifier (Analog Devices), en = 3.8 nV/
√
Hz and in =
1.7 pA/
√
Hz are specified in the high frequency range, where voltage and current input noise are
dominated by white noise. With R1 = 1 kΩ and R2 = 10 kΩ this results in an equivalent input
noise of 5.7 nV/
√
Hz or an output noise of 57 nV/
√
Hz. The actual output noise of an amplifier in
feedback depends thus on its equivalent input noise, the choice of resistors and the amplification
factor. In addition to this intrinsic noise the output voltage can vary due to fluctuations in the
supply voltage or temperature fluctuations. For an OP27 amplifier the temperature coefficient is
specified as 0.4 µV/K and the power supply rejection as 118 dB. A fluctuation of a 15 V supply
voltage by 0.1 %, e.g., would result in voltage fluctuations of 20 nV/
√
Hz at the amplifier output.
This example illustrates that a careful design of the electronic circuit driving the piezo actuator
is necessary. When using a high voltage amplifier which is required to tune the cavity more than
one FSR, this task gets even more challenging.
4.2.4. Summary
Table 4.10 summarizes some cavity properties and sensitivities to external effects. Note that
some differences in sensitivity arise from the difference in cavity length or are affected by it. Thus,
the table does not give a general comparison of the influence of the different piezo actuators
when incorporated in a cavity, but a comparison of the particular cavities built here.
PZT stack PZT tube PZN-PT quartz fixed
cavity length LC (mm) 107 130 110 110 100
FSR (GHz) 1.4 1.15 1.30 1.36 1.50
tuning coefficient ∆ν/U (MHz/V) 7.5 12 2.2 0.012 -
maximum tuning
(GHz) 9 14.4 2.64 0.014 -range ∆νmax
sensitivity to
(Hz/W) 771 635 750 750 825intensity fluctuations
sensitivity to
(MHz/mbar) 84.6 84.6 84.6 84.6 84.6pressure fluctuations
cavity CTE αcavity (10−6/K) 0.35 -0.75 - 1.2 0.02
vibration sensitivity (kHz/g) 553 369 487 513 564




Hz) 0.15 0.22 0.17 0.10 0.11STN @ 1 Hz
thermal noise σtn/ν0 ×10−16 6.3 9.4 7.3 4.0 4.5
Table 4.10.: Summary of the calculated cavity properties and sensitivities. The maximum tuning





As indicated by the previous considerations on possible noise sources and disturbances, the
LISA requirements on the frequency stability demand a carefully designed test environment for
the tunable cavities. With respect to the low frequency LISA measurement band, especially
temperature effects have to be regarded. But also other ambient effects like vibrations have to
be considered and an appropriate optical system has to be designed.
A picture of the main part of the experimental setup can be seen in Figure 4.8. It shows the
cavity with PZT actuator and the fixed cavity surrounded by two thermal shields in a vacuum
chamber together with the incoupling optics and detectors for performing the PDH lock. In the
following a detailed description of all the subsystems will be given.
The experimental setup had to be moved to another laboratory during the measurement phase.
The laboratories differ, however, only slightly in their vibrational and thermal environment and
the setup stayed almost unchanged. Most of the measurements were carried out in the new
laboratory, so all following descriptions are related to this laboratory, if not otherwise noted.
Figure 4.8.: Photograph of the cavities mounted inside the thermal shields in the vacuum chamber
(without top cover). The optics for coupling in the cavities and the detectors for performing the





Since the resonance frequencies of the cavities varies with pressure changes, the cavities are
housed inside a vacuum chamber. Vacuum conditions are also useful to achieve a good thermal
stability, since thermal transport due to convection depends on the particle density. Convection
can be neglected if the mean free path of the particles is large compared to the dimension of
the vacuum chamber. The mean free path Λ is calculated from the particle density n and the




The scattering cross section of nitrogen is σ = 45 × 10−16 cm2 and the particle density can be






where k = 1.38 × 10−23 J/K is the Boltzmann constant and T the temperature.
The vacuum chamber was designed to not only house the cavities but also other tunable
references for LISA or future experiments. For this purpose the chamber has a relatively large
inner volume with dimensions of 762 × 762 × 335 mm3 and in total 18 vacuum flanges to allow
flexibility for the mounting of different vacuum feedthroughs, windows, valves and pumps. The
chamber is covered by a 60 mm plexiglass plate, which allows to look inside the chamber during
vacuum operation.
The chamber is evacuated with a XDS5 Scrollpump from Edwards and a Turbovac 361 from
Oerlikon Leybold Vacuum with 350 l/s pumping speed. With this pumping system a final
pressure of 1 × 10−6 mbar can be achieved, which should be low enough to avoid frequency
fluctuations due to pressure fluctuations. The mean free path at this pressure is ∼ 100 m and
thus clearly larger than the vacuum chamber dimensions.
Thermal environment
The cavities are situated inside two copper shields to suppress ambient temperature fluctuations.
The inner and the outer shield are separated by four small Viton O-rings (inner diameter 5 mm,
thickness 5 mm) and fixed in position with four 2 mm steel screws. The dimensions are chosen
such that heat transfer is dominated by thermal radiation as described later. The outer shield is
equipped with heating foil which gives the opportunity for temperature ramping or stabilization.
The inner space available to the cavity setup is 250 × 250 × 105 mm3.
Heat transfer processes The heat transfer between the two thermal shields is given by thermal
radiation and thermal conduction through the Viton O-rings and the steel screws. Convection
can be neglected due to the high vacuum conditions. The thermal radiation between two plates
of size A with temperatures T1 and T2 can be calculated by [63]
Q̇r = σAϵ12(T 41 − T 42 ), with ϵ12 =
ϵ1ϵ2




where σ = 5.67 × 10−8 Wm2K4 is the Stefan-Boltzmann constant and ϵ1 and ϵ2 are the emissivities
of the two plates.
Thermal conduction through a bar of length L and cross-section ACS which is connected at





where λ is the thermal conductivity of the material. The thermal conduction through the O-rings
and the screws can thus be written as




where AO and AS are the cross sections of the O-rings and screws and λO and λS the respective
thermal conductivities.
For small temperature differences between the two thermal shields (T1 = T2 + δT ), equation
(4.40) can be approximated to
Q̇r = σAϵ12(4T 32 δT ) = q̇δT. (4.43)





σAϵ124T 32 ≈ 5. (4.44)
For the calculation A = 0.3 m2, λO = 0.226 WmK , λS = 15
W
mK , AO = 157 mm2, AS = 7 mm2,
L = 5 mm, ϵ1 = ϵ2 = 0.1, and T2 = 300 K were used. Thus, with the chosen dimension of
O-rings and screws and for small temperature deviations, thermal radiation dominates over
thermal conduction. In this way, the inner shield has a homogeneous temperature distribution
and temperature gradients can be neglected.
The model of two radiating plates fits well for radiation processes between the two shields. For
describing the radiation process between the big vacuum chamber (surface A2) and the outer
shield (surface A1 ≪ A2) the approximation of a body in an enclosed room is better suited [63]:











for A1 ≪ A2. (4.45)
With this approximation the ratio between radiation and conduction (4.44) for heat transfer
from the vacuum chamber to the outer shield can be calculated to ∼ 30.
Thermal low-pass filter The thermal shields can be considered as thermal low-pass filters. In
analogy to an electrical filter, their time constants can be calculated with the thermal capacity
and the thermal resistance. The resistance is the inverse of the thermal conduction per Kelvin
or, in this case, of the thermal radiation per Kelvin. The thermal capacity Cth can be calculated
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= cCU · mi
σϵ12A4T 3




= cCU · mo
σϵ′12A4T 3
≈ 34 000 s, (4.47)
with cCU = 385 J/(kgK) being the specific heat of copper, mi = 12 kg the mass of the inner
shield, and mo = 16.6 kg the mass of the outer shield.
The transfer function of two RC low-pass filters in series has two corner frequencies, which
are the cutoff frequencies of the individual RC filters. The output voltage rolls off at the lower
frequency with 20 dB per decade and at the higher frequency with 40 dB per decade. If the
two RC filters have the same cutoff frequencies, the two filters in series act approximately as
a second order low-pass filter. Thus, the two thermal shields in series, which have roughly the
same time constant, can also be considered as a second order low-pass filter. In addition, the
heat transfer between the inner shield and the cavities acts as third low-pass filter.
Experimental validation The vacuum chamber and the two thermal shields are equipped with
temperature sensors (PT 100) to measure the influence of a varying temperature. The labora-
tory temperature has a 24 h modulation due to a varying outdoor temperature which can be
suppressed by the air conditioning system to approximately ±0.2 K. The time record of the
temperature measured with the three temperature sensors over 14 days is shown in Figure 4.9a.
A 24 h modulation as well as a weekly period is visible.
To determine the filter properties of the thermal shields, the data measured outside the vacuum
chamber were processed with a first-order low-pass filter using Matlab and compared with the
temperature data measured at the outer shield (Figure 4.9b). The same was done with the outer
shield and the inner shield (Figure 4.9c). The such determined time constants τ1 = 53 000 s ≈
15 h and τ2 = 32 000 s ≈ 9 h do agree very well with the calculations ((4.46) and (4.47)). The
time constant of the heat transfer from the inner shield to the cavities was identified with the
same method to be τ3 = 12 000 s ≈ 3 h (Figure 4.9d). The temperature of the cavity was not
directly measured but determined with the measured frequency and the CTE of the cavity.
By successively applying low-pass filters with the identified time constants to the lab temper-
ature measurement, the temperature stability at the shields and at the cavity was calculated.
Figure 4.9e shows the spectral density of the calculated temperature noise a well as the measured
temperature noise. It can be seen that over almost the whole spectral range, the temperature
measurements are limited by the measurement sensitivity. Thus, only in the frequency range
below ∼ 1 × 10−4 Hz the calculations match with the measurements.
The calculated temperature noise at the cavity is scaled with the highest CTE, which is
1.1 × 10−6 1/K for the cavity with the quartz actuator, and converted to frequency noise using
δν = αδTν (Figure 4.9f). It can be seen, that even with the cavity with the highest CTE, the
passive temperature stability of the setup is sufficient to fulfill the requirements above a Fourier
frequency of 5 × 10−5 Hz.
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lowpass 32 000 s
outer shield
(b) Low pass between lab and outer shield.






























lowpass 53 000 s
inner shield
(c) Low pass between the two shields.
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(f) Frequency noise converted from temperature
noise using CTE of quartz. Requirements in ac-
cordance with (2.16) and (2.17).











Figure 4.10.: Mounting of the cavities. (a) shows the alignment of the supporting points vertical
to the optical axis. The alignment along the optical axis can be seen in (b) in the older version and
in (c) in the newer version.
Mounting of the cavities and vibration isolation
To reduce the influence of vibrations, the cavities are supported in their Airy points [64]. The
Airy points are characterized by the fact that a rod which is supported in its Airy points is
bended by gravitational forces such that the end faces stay parallel. Thus, a length change of
the cavity due to vibrations is suppressed. A cylindric cavity mounted in its Airy points should
have the same vibration sensitivity as a cavity mounted on a V-shaped mount [65]. In the case of
the 10 cm long Zerodur cylinder the Airy points are at a distance of 2.213 cm from the end faces.
Respectively two Viton O-rings are placed in this distance in such a way that the supporting
points form an equilateral triangle together with the resonator axis (Figure 4.10a). The O-rings
are arranged around 140 cm long Invar rods, which are supported on O-rings as well; in the old
laboratory at a distance of 120 cm (Figure 4.10b). In the new laboratory, the O-rings supporting
the cavities were also taken for supporting the Invar rods (Figure 4.10c). The reason for this
modification was, that the Invar rods were not supported in their Airy points or - here of greater
interest - not in their Bessel points. The Bessel points differ only slightly from the Airy points
and are characterized by the fact that the overall bending of a rod which is supported in its
Bessel points gets minimal. It was expected that in the first configuration, vibrations cause
a displacement of the cavity supporting points and consequently a displacement of the cavity
axis. A displacement of the cavity axis with respect to the incoupling laser beam can lead to a
frequency change, and was thus tried to avoid.
To suppress vibrations the vacuum chamber is mounted on four pneumatic vibration isolators
(Newport, PL 2000) as they are used for optical tables. As can be seen in Figure 4.11, they
show a suppressing effect above ∼ 3 Hz, while for low frequencies a slight increase of the noise
level is visible. The applied isolators suppress the seismic noise in the whole frequency range
below the required 6 × 10−5 g/
√











































Figure 4.11.: Seismic noise measured with a CMG-40 seismometer from Güralp Systems on top
of the vacuum chamber. Shown is the comparison of the horizontal and vertical vibrations with
pneumatic isolators either floated or not floated.
4.3.2. Read-out, stabilization and measurement
Optical system
Two Nd:YAG non-planar ring oscillator (NPRO) lasers at 1064 nm were used as light sources.
The employed models LW122 and LW124 from Lightwave Electronics Inc. have a small free
running linewidth of 10 kHz at 1 ms. The laser frequency can be tuned slowly over several GHz
by changing the Nd:YAG crystal temperature. Fast tuning of several MHz is possible with a
piezo attached to the crystal. This piezo is also used for the frequency modulation for the PDH
lock. As modulation frequencies 444 kHz (LW122) and 1.8 MHz (LW124) are chosen, since the
lasers show low RAM at these frequencies. The modulation frequencies are provided by HP
33120A function generators from Hewlett Packard.
The laser light is overlapped and then guided into the vacuum chamber by a polarization
maintaining, single mode fiber which is also used for mode cleaning (Figure 4.12). In the
chamber, the thermal shields with the resonators and all the incoupling optics are located on
a vacuum compatible optical bread board. The beam is mode matched with two lenses to the
TEM00 mode of the cavity, split, and coupled with two adjustable mirrors to the cavity mode.
Using a PBS and a quarter wave plate in front of the cavity, the back reflected light is guided
to a detector used for the PDH lock. The laser light is attenuated such that ∼ 20 µW impinge
on the cavity. The light transmitted through the cavity in resonance is dumped.
All optical elements are mounted in highly stable mirror mounts on 1 inch steel pedestals
to ensure high mechanical stability of the incoupling optics. Since the optics is placed inside
the vacuum chamber, they are also shielded against air flows and thermal influences. Optical
components such as lenses and polarizers have an anti-reflection coating and, if possible, are








Figure 4.12.: Schematic of the optical setup inside the vacuum chamber. After the fiber coupler
two lenses are used for mode matching. A 50:50 beam splitter directs the light to both resonators.
A pair of mirrors is used in each case to couple to the cavity mode and a PBS and a quarter wave




















































































(b) Detector 2 used with the tunable cavities.
Figure 4.13.: Performance of the PDH detectors. The dashed lines depict calculated noise levels,
the solid line measured noise. Calculations and measurements were performed with a laser intensity
of 20 µW. During the measurements with detector 2, laser LW124 was modulated.
Detection and signal processing
The light reflected from the cavity is detected by a self-built shot noise limited photo detector
with a bandwidth of 10 MHz. The detector design was developed by S. Grede [66] for the
detection system in an atom interferometer and adopted for this purpose. The detector works
with an InGaAs Pin photodiode (Hamamatsu, G8376-05) and a transimpedance amplifier which
is assembled in such a way that the 20 µW impinging the detector are amplified to 1.5 V.
Figure 4.13 shows the theoretical detection noise limit and the measured detector noise of
the two used photo detectors. Detector 2 shows shot noise limited performance. Detector 1,
which is used for the the PDH lock of the fixed cavity has a resonance at 9 MHz and an about
10 dB increased dark noise in comparison to the theoretical noise. The shot noise is only slightly
above the dark noise, which leads to a non-optimal signal to noise ratio. However, this detector
was not further optimized, since the overall performance of the stabilized laser system was not
limited by the detector performance. Furthermore it can be seen that the LW124 laser has a
considerably higher technical noise than the LW122.
The so detected signal is amplified with ZFL500LN amplifiers from Mini-Circuits and a ZFM3
Mixer from Mini-Circuits is used to demodulate the signal with the modulation frequency. The
resulting error signal is low pass filtered and fed to a self-built lock-box. There, the error signal
is provided via a PI controller to the piezo attached at the laser crystal. An additional integrator
transmits the error signal to the crystal temperature to adjust slow but bigger changes.
Beat measurement and frequency references
The actual measurement is done by performing a beat measurement between the laser stabilized
to the tunable cavity and an even more stable laser. Therefore, a fraction of the laser light is




























































Old frequency stability requirements
ULE vs. FS
Figure 4.14.: Left: 7.75 cm long ULE glass cavity. Right: 5.5 cm long fused silica cavity, photograph
courtesy E. Fesseler. Center: Noise spectrum of a beat measurement between two laser stabilized to
these cavities.
By selecting a convenient TEM00 mode of the cavity, the beat frequency can be chosen < 1 GHz.
This frequency is amplified with Mini-Circuits ZFL1000LN amplifiers and mixed down with a
ZFM3 from Mini-Circuits using a synthesizer (Rhode&Schwarz, 845.4002.52) as local oscillator.
The so obtained frequency (< 200 MHz) is either counted with a SR620 from Standford Research
Systems or with a CNT-90 from Pendulum. Local oscillator and counter are phase locked to a
10 MHz reference provided by a GPS signal.
The reference laser for the beat measurement is stabilized to an ULE cavity (shown in Figure
4.14 on the left). This 7.75 cm long cavity is midplane mounted to suppress vibrations [67] and
is temperature stabilized to the turning point of its CTE at room temperature [68]. As a second
frequency reference a 5.5 cm long fused silica (FS) resonator is available (Figure 4.14 on the
right). This resonator was used in a Lorentz invariance test [69] and has a very good passive
thermal insulation. The frequency noise determined from a beat measured between two lasers
stabilized to these cavities is shown in Figure 4.14 in the center. The noise is well below the
LISA requirements concerning the frequency noise of a tunable pre-stabilization. Thus both
references are suitable as frequency reference for a tunable cavity.
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5. Characterization of the Piezo-Tunable
Cavities
This chapter presents the measurements which were carried out for characterization of the piezo-
tunable cavities. For these measurements, the tunable cavities were placed one after another
in the test setup, described in the previous chapter. After examining some cavity properties
such as FSR or Finesse, the frequency noise of the cavities with short circuited piezo actuators
is presented and compared with the LISA requirements for a tunable pre-stabilization. Various
influences affecting the frequency stability of the cavities are discussed. Then, the behavior
of the cavities with applied voltage is examined including typical piezo characteristics such as
hysteresis. Finally, the integration of a piezo-tunable cavity in an external feedback loop is
demonstrated.
5.1. Cavity properties
To characterize the cavities some typical cavity properties such as FSR or Finesse have been
measured (Table 5.1). The following provides a description on how the different properties were
measured or how they were derived from measured values.
Free spectral range and cavity length The free spectral range of the cavities was measured by
locking two lasers to two adjacent longitudinal cavity modes and measuring the beat frequency
between the two lasers. With the measured FSR the length of the cavities can be calculated
using L = c / (2 FSR).
cavity FSR LC Finesse Γν coupling cavity losses
(GHz) (mm) (kHz) efficiency (ppm)
PZT stack 1.397 107.315 38 000 37 20% 147
PZT tube 1.146 130.845 191 000 6 80% 15
PZN-PT 1.358 110.367 34 000 40 18% 168
quartz 1.36 110 106 000 13 50% 42
fixed 1.5 100 47 000 32 25% 117
Table 5.1.: Properties of the different piezo-tunable cavities and the optically contacted fixed cavity.
LC is the cavity length and Γν the linewidth of the cavity resonance. The gray values are not derived
from measurement. The cavity length is in this case taken from manufacturer specifications and used
to calculate the FSR.
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Coupling efficiency To measure the coupling efficiency of the cavities, the DC signal from the
detector in reflection was observed while ramping the unmodulated laser frequency slowly over
the resonance. Off resonance the laser light is totally reflected generating a DC signal V0 at the
detector. In resonance a part of the light is transmitted through the cavity leading to a dip in the
observed signal. The depth of the dip in relation to the off resonance signal V0 gives the coupling
efficiency CE = (V0 − Vres)/V0. For a perfectly mode matched cavity the coupling efficiency is
directly connected with the cavity reflectivity RC (equation (3.16)) over RC = 1 − CE. The
reflectivity of a perfectly impedance matched cavity should be zero at resonance.
Cavity resonance linewidth and finesse To measure the linewidth of the cavity resonance, the
laser frequency has to be ramped slowly over the cavity resonance. The width of the dip in the
reflected signal corresponds to the cavity resonance linewidth. Since the cavity resonance has a
relatively high drift, an offset phase lock was applied to realize the slow ramping. A first laser
was locked to a cavity resonance and a second laser was phase locked to the first laser. The
phase lock was implemented such that the second laser has an offset of one FSR. By slowly
sweeping the offset frequency the laser can be tuned over the cavity resonance. The DC signal of
the detector in reflection was recorded and the linewidth of the cavity resonance was estimated
by comparing the width of the dip with the sweep amplitude.
The Finesse F of the cavity can be determined from the cavity resonance linewidth using
F = FSR/Γν . (5.1)
For the cavity with PZT stack actuator and the cavity with quartz actuator no direct linewidth
measurement was performed and the finesse was calculated from the cavity reflectivity. With
equation (3.16) and the mirror transmission T = 8.7 × 10−6 (value taken from manufacturer















The such calculated cavity resonance linewidths differ from the directly measured linewidths by
less than 4%. This proves that the setup has a very good mode matching and that the cavity
reflectivity is thus only influenced by cavity properties.
Cavity losses The different coupling efficiencies and finesses of the investigated cavities can be
explained by different degrees of pollution of the cavity mirrors. During the bonding process
the mirrors could get slightly polluted which leads to increased cavity losses. Equation (3.15)
gives the relation between cavity finesse F and cavity losses A
F = 2π2T + A. (5.4)
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Figure 5.1.: Influence of cavity losses on finesse, coupling efficiency, and cavity transmission. The
plots are calculated with a transmission of T = 8.7 × 10−6 for each mirror. The transmission is taken
from manufacturer measurements.
The cavity losses A = L1 + L2 + V are the sum of mirror losses L1,2 and cavity round trip losses
V . The cavity losses shown in Table 5.1 are calculated from the identified finesses. The cavity








The finesse, the coupling efficiency (1 − RC), and the cavity transmission in dependence of the
cavity losses are plotted in Figure 5.1.
Typical cavity losses are specified to be in the order of 1 ppm. The measured values are one
to two orders of magnitude higher, which means that the mirrors got indeed polluted during the
bonding process. The larger cavity resonance linewidths due to pollution of the cavity mirrors
increase the sensitivity to detector shot noise (equation (4.4)) and lead to a greater influence
of parasitic resonators and RAM. This may result in an increased frequency noise, which was
however not observed in the measurements. As will be presented later, the frequency stability
is limited by other effects. Thus, the degree of pollution is considered to be not critical.
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5.2. Frequency noise with short circuited piezo actuator
To determine the intrinsic stability of the piezo-tunable cavities without any voltage related
effects, the frequency noise of the different cavities was measured with short circuited piezo
actuators before applying a voltage. As already presented in Chapter 2 the frequency noise has




1 + (2.8 mHz/f)4 to fulfill the LISA requirements for a tunable
pre-stabilization. In addition, the results will be compared with the more stringent requirements




1 + (3 mHz/f)4 which were valid at the beginning of this work.
5.2.1. Measurement and evaluation method
To analyze the frequency noise of the cavities, a time series of the beat frequency between a
laser stabilized to a piezo-tunable cavity and a laser stabilized to the ULE reference (see Section
4.3.2) was record. From this time record the corresponding amplitude spectral density (ASD)
and Allan deviation were calculated, which show the frequency noise spectrum and the frequency
instability in the time domain, respectively (appendix A). The time record is taken with two
different measurement methods: the low frequency range is sampled with the SR620 counter
with a 1 Hz sampling rate and the high frequency range is sampled with the CNT-90 Pendulum
counter with a 100 Hz sampling rate (see Section 4.3.2). The reason for this is, that the SR620
is well suited for taking long time records, but is not capable of making measurements with
high sampling rates due to measurement dead times of up to 50 ms. During the low frequency
measurements, the pneumatic vibration isolators were not floated to avoid slow tilt effects,
whereas during the high frequency measurements they where floated to suppress vibrations.
The beat measurements show typical frequency drift rates of a few hundred Hertz up to
1 MHz per second (Figure 5.2), which are mostly caused by slow temperature variations due to
oscillations of the air conditioning system (see Figure 4.9) and by creep of the spacer materials
and of the adhesive. Large drifts show a great effect in the calculation of the ASD and especially
of the Allan deviation and have thus to be removed before calculation. For this purpose, the
function
f(x) = c1 + c2 · t + c3 · sin(2π
t
24 h) + c4 · cos(2π
t
24 h) (5.6)
was fitted to the times series and subtracted in each case. The linear term accounts for creep and
the sine and cosine term for the temperature oscillations. Figure 5.2 shows a 20 000 s long time
record of the beats of the cavities with PZT stack and PZN-PT actuator measured against the
ULE reference before and after drift removal. The ASD and Allan deviation with and without
removed drift can be seen in Figures 5.3a and 5.3b.
5.2.2. Results
The frequency noise spectral densities of all tested cavities are shown in Figure 5.4, while Figure
5.5 shows the corresponding relative Allan deviation. In each case, the presented Allan deviations
and ASDs are calculated from the same beat record. The upper graphs show exemplarily the
noise of the cavity with incorporated PZT stack actuator in comparison with the frequency noise
of the ULE and FS reference cavities (Section 4.3.2) as well as the fixed cavity (Section 4.1.2).
The lower graphs compare all piezo-tunable cavities built within this work.
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PZT stack drift removed















































Figure 5.2.: Time record of the beat of the cavities with PZT stack and PZN-PT actuator measured
against the ULE reference. Shown is the exact time record that was used for the calculation of the
ASD and Allan deviation presented later. In the graphs on the right a drift is removed, which


























































































Figure 5.3.: ASD and Allan deviation of the cavity with PZN-PT actuator with and without
removed drift.
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(a) ASD of the cavity with PZT stack actuator in comparison with the fixed









































































(b) Comparison of all piezo-tunable cavities.
Figure 5.4.: ASDs of the piezo-tunable cavities measured with short circuited piezo actuators
against the ULE reference.
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(a) Allan deviation of the cavity with PZT stack actuator. Typical error bars are
























































(b) Comparison of all piezo-tunable cavities.
Figure 5.5.: Allan deviations of the piezo-tunable cavities measured with short circuited piezo
actuators against the ULE reference.
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5. Characterization of the Piezo-Tunable Cavities
All short circuited piezo-tunable cavities except for the cavity with quartz actuator show
similar noise characteristics. At Fourier frequencies above 1 Hz the noise spectrum is dominated
by seismic noise, while between ∼ 4 mHz and 1 Hz the performance is limited by flicker noise
and below ∼ 4 mHz by random walk noise. The best performance is reached with the cavity
with PZN-PT actuator, which shows a frequency noise below 30 Hz/
√
Hz for Fourier frequencies
above 3 mHz and a relative Allan deviation below 1×10−14 at integration times from 0.2 s to 10 s.
The cavities with PZT stack and PZT tube actuator show a slightly increased noise level, mainly
due to a higher sensitivity to seismic noise. This can be attributed to small differences in the
gluing technique, which was improved over time (see next section). These three piezo-tunable
cavities fulfill the LISA requirements on frequency noise for pre-stabilization (equation (2.17))
and the cavity with PZN-PT actuator even show a frequency noise which is completely below
the more stringent requirement curve which was valid at the beginning of this work (equation
(2.16)). The frequency noise of the cavity with the quartz actuator is much higher than that
of the other piezo-tunable cavities, though most likely not due to its intrinsic properties. The
frequency stability is limited by effects related to the adhesive as discussed in the next section.
A comparison of the performance of the fixed cavity with those of the piezo-tunable cavi-
ties shows that their flicker and random walk noise levels are approximately the same. The
measurements with the fixed cavity were performed in the same setup where the piezo-tunable
cavities were analyzed. Thus, it can be assumed that in the corresponding frequency range the
frequency stability of the piezo-tunable cavities is not limited by the piezo actuator but by the
experimental setup. It is most likely that the piezo-tunable cavities are in principle capable of
achieving an even better performance.
5.2.3. Analysis of effects influencing the frequency stability
The frequency noise of the piezo-tunable cavities is about one order of magnitude above their
fundamental noise limit, which is given by thermal noise (Table 4.9). The frequency noise thus
has to be limited by other effects, arising from length changes of the cavity or from lock errors
(δν/ν = −δL/L + δlock). It is quite interesting, that the fixed cavity and all piezo-tunable
cavities (with the exception of the cavity with quartz actuator) have almost the same flicker and
random walk noise. It seems like the limiting effect does not depend on the application of a piezo
actuator. But also the differing linewidths of the cavities have apparently no influence. In the
following, investigations on the sensitivity to various external disturbances are presented and
compared with the corresponding noise levels, as well as with the theoretical values presented
in Section 4.2.
Free spectral range measurements
To get a first impression of the limiting noise sources, two lasers were locked to two adjacent
longitudinal modes of the cavity with PZT stack actuator and the beat frequency between these
two lasers was recorded. Since the two lasers are locked to the same cavity, length changes of
the cavity are common mode and thus suppressed in the beat signal. However, noise in the
lock electronics is still present, since both lasers have individual lock electronics. The FSR
76













































PZT stack vs. PZT stack 1 FSR
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PZT stack vs. PZT stack 1 FSR
PZT stack vs. ULE
Figure 5.6.: ASD and Allan deviation of the beat between two laser which are locked to two modes
of the cavity with PZT stack actuator separated by one FSR.
measurement can thus be used to estimate the limitation of the frequency stability by the lock
electronics and to provide information about the lock errors δlock.
As can be seen in Figure 5.6, the noise level of the FSR measurement is about a factor 5 below
the noise level of the cavity with PZT stack actuator measured against an independent reference.
Thus, it can be concluded that the current frequency noise level of the cavity with PZT stack
actuator is not limited by electronics. However, if the current limitations can be overcome and
thermal noise limited performance could be achieved, the measured lock performance is not
sufficient and has to be improved.
Intensity
To test the influence of a varying light intensity on the beat frequency, the intensity impinging
on the cavity with PZT stack actuator was modified with a half wave plate and a PBS, while the
intensity on the photo detector and the beat signal were recorded simultaneously. By turning the
half wave plate, the intensity was changed from 20 µW to 8 µW. When changing the intensity
by this amount, almost no effect on the beat frequency could be observed. The frequency change
is nearly completely covered by frequency noise and can only be estimated to be below 25 Hz,
which results in an intensity sensitivity below 2 Hz/µW.
In the case of the cavity with PZN-PT actuator, an intensity change from 11 µW to 44 µW
caused a fast change of the beat frequency of 360 Hz, followed by a slow frequency drift in the
opposite direction (Figure 5.7a). The fast frequency change results in an intensity sensitivity
of about 11 Hz/µW. This value can be compared with the intensity sensitivity due to pho-
tothermal effects (Section 4.2.1). With equation (4.8) and the measured absorption coefficient
of A = 168 × 10−6 a theoretical sensitivity of 0.13 Hz/µW can be calculated. Since the mea-
sured sensitivity is almost two orders of magnitude above this value, it can be assumed that
the intensity sensitivity depends not on photothermal but on other effects such as amplitude
changes of the error signal. As presented in Section 4.2.1, when the error signal has an offset,
amplitude changes shift the lock point and thus the measured beat frequency. Since constant
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Intensity x 11 Hz/µW
PZN−PT
LISA requirements
(b) Intensity noise converted to frequency noise.
Figure 5.7.: Sensitivity to intensity changes. Left: beat signal during an intensity change of 33 µW.
Right: ASD of the intensity noise scaled with the sensitivity of 11 Hz/µW.
offsets are electronically compensated, a sensitivity to amplitude changes indicates the presence
of varying offsets due to changing RAM or parasitic resonators. A closer examination of these
two effects will be presented later.
To identify limitations of the frequency stability due to intensity fluctuations, a time record
of the light intensity impinging on the photo detector was taken. The corresponding ASD was
calculated, and scaled with the measured sensitivity (Figure 5.7b). The such converted noise is
significantly lower than the measured frequency noise. However, it has to be considered that
the sensitivity to intensity changes may be frequency dependent, and that the simple method
which was applied to measure the sensitivity leads to incorrect results. Nevertheless, since the
difference is more than one order of magnitude, this objection is most likely negligible and it is
presumed that the actual frequency noise level is not limited by intensity noise.
Parasitic resonators
It could be observed, that the beat signal between two lasers stabilized to two adjacent TEM00
modes of the cavity with PZN-PT actuator features a modulation. The modulation has a more
or less constant peak to peak amplitude of about 10 Hz but changing frequencies (Figure 5.8a).
The frequency of the modulation signal could be influenced by heating the 8 m long optical
fiber guiding the laser light to the vacuum chamber. This behavior is typical when a parasitic
resonator is present in the setup. As described in Section 4.2.1, a parasitic resonator leads to
an oscillation of the PDH error signal baseline (Figure 4.5a). When the optical fiber is in the
optical path of the parasitic resonator, heating of the fiber continuously changes the length of
the resonator and thus the offset between cavity resonance and maximal transmission of the
parasitic resonator. As a result, the error signal is periodically shifted with the amplitude of the
baseline oscillation, which is nearly constant. The frequency of the error signal offset oscillation
depends on how fast the length of the parasitic resonator changes.
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(b) ASD of FSR measurement in comparison to
the ASD of the beat note with the ULE reference.
Figure 5.8.: Influence of parasitic resonators. Measurement with two lasers locked to two adjacent
TEM00 modes (FSR measurement) of the cavity with PZN-PT actuator. The beat note shows an
oscillation with a relatively constant amplitude and a changing frequency, which is a typical signature
in presence of a parasitic resonator. The ASD points out that parasitic resonators could be limiting
in a a small frequency band around 100 mHz.
The maximum length of the parasitic resonator was estimated to LE = LF · nF + LB ≈ 13 m,
considering the optical path length in a fiber of length LF = 8 m with a refraction index of
nF = 1.4 and an additional free beam path length of LB = 2 m. Numerical calculations show that
for the cavity with PZN-PT actuator and a laser modulation frequency of 1.8 MHz a parasitic
resonator of that length and a reflectivity of ∼ 0.004% would cause the observed modulation
amplitude of 10 Hz. This is a relatively low reflectivity value, considering that the optical
components in the setup have typical antireflection coatings with a reflectivity of 0.1%. It is
more likely that elements with a higher reflectivity in combination with losses in the parasitic
resonator lead to the observed magnitude of the effect. Losses occur, e.g., at the incoupling
into the fiber, at polarizers and beam splitters, and at attenuation plates. Possible candidates
building a parasitic resonator are the lenses in the fiber collimators, the optical isolators behind
the lasers and the cavity itself, because those elements could not be tilted relative to the optical
beam axis.
Figure 5.8b indicates that in a small frequency band around Fourier frequencies of 100 mHz
parasitic resonators can be a limiting effect for the frequency stability of the cavity with PZN-PT
actuator. However, as explained in section 4.2.1, the influence of a parasitic resonator depends
on the modulation frequency of the laser. The presented measurements were performed with
the LW124 laser with a modulation frequency of 1.8 MHz and the LW122 laser with a modula-
tion frequency of 444 kHz stabilized to two adjacent longitudinal modes of the cavity. For the
measurement against an external reference just one of the two lasers has to be applied. If the
LW122 laser with its lower modulation frequency is chosen, the amplitude of the beat signal
oscillation can be calculated to be only 2 Hz. Furthermore, the PZN-PT cavity has the largest
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(b) ASD of RAM Signal
Figure 5.9.: Quadrature components of the RAM Signal.
linewidth (40 kHz) of all tested cavities and is thus most affected by parasitic resonators. In
conclusion, parasitic resonators are most likely not a limiting factor for the current frequency
noise level of the tested cavities.
Residual amplitude modulation
To estimate the influence of RAM, the amplitude of the first modulation sideband after the
PDH photo detector was observed. The AC component of the signal while the laser frequency
is in resonance was compared with the AC component while the laser is off resonance. Off
resonance, a purely phase modulated laser features no AC component for lack of a frequency
discriminator. In the presence of RAM, a signal arises at the modulation frequency, which was
measured to URAM = 250 µV for the cavity with PZN-PT actuator. For comparison, the DC
signal is 1.6 V. On resonance, the phase modulated laser is discriminated by the cavity and
signals at the modulation frequency and higher harmonics are present. The amplitude of the
first sideband was measured to Ue = 0.5 V. Thus, the RAM amplitude is about 0.05% of the
error signal amplitude. It can now be estimated roughly, that with a RAM amplitude varying
by p, the beat signal would vary by





where Γν is the cavity resonance linewidth. If p is assumed to be 1%, this results in variations
of δν = 0.1 Hz, calculated with a cavity linewidth of Γν = 40 kHz.
In addition, the frequency dependence of the RAM signal was observed by recording a time
series, while the laser was locked to the cavity. The signal from the detector of the non resonant
cavity (the cavity works thus just as mirror) was split and each part was demodulated with the
modulation frequency, however with a phase difference of 90°. The resulting signals Ua and Ub
were sampled with a sampling rate of 1 Hz. In this way the quadrature components of the RAM
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LISA requirements
(b) Pressure fluctuations converted to frequency
noise.
Figure 5.10.: Sensitivity to pressure changes of the cavity with PZT stack actuator and frequency
noise due to pressure fluctuations. The pressure fluctuation measurement is limited by the measure-
ment resolution over nearly the entire frequency range.
signal could be observed:
ARAM =





The time record of the quadrature signals and the resulting ASDs are shown in Figure 5.9. The
form of the ASD curves is similar to the form of the frequency noise curve shown in the parasitic
resonator section (Figure 5.8). This is not surprising, since the parasitic resonator is of course
also present in this measurement and seems to be the dominating effect here.
Pressure fluctuations
To measure the sensitivity to pressure fluctuations, the valve between the vacuum chamber and
the turbo pump was closed. The subsequent pressure rise and the resulting beat change was
measured simultaneously. To match the two time records the pressure was multiplied with a
sensitivity factor of 60 MHz/mbar (Figure 5.10a). The experimentally determined sensitivity is
in the same order of magnitude than the theoretical value of 84.6 MHz/mbar (Section 4.2.1).
A typical pressure noise spectrum measured with running turbo pump and scaled with the
measured sensitivity is shown in Figure 5.10b. Above Fourier frequencies of 0.3 mHz the pressure
spectrum is flat with a level of 1 Hz/
√
Hz. This white noise level is given by the measurement res-
olution, the actual pressure noise is even below this level. Consequently, the frequency stability
is not limited by pressure fluctuations.
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Temperature dependence and influence of adhesive
The sensitivity to temperature changes of the different cavities was observed by heating the
outer thermal shield with the applied heating foil. The temperature of the inner thermal shield
was compared with the beat frequency which was measured simultaneously. This gives a rough
estimation of the cavity CTEs as listed in Table 5.2. The values are only considered as rough
estimation, since the temperature was measured at the inner shield and not directly at the
cavities, so that the real cavity temperature is not known exactly.
PZT stack PZT tube PZN-PT
αcavity measured (10−6/K) 0.35 1.85 0.28
αcavity calculated (10−6/K) 0.35 -0.75 -
Table 5.2.: Thermal expansion of the cavities estimated from measurements in comparison with
the calculated values (Table 4.5).
The value of the cavity with PZT stack actuator agrees perfectly with the calculated value.
However, the value for the cavity with PZT tube actuator is considerably higher than the
calculated value and has even the wrong sign. This discrepancy is assigned to the adhesive
which was not considered in the cavity CTE calculations. The cavity with PZT tube actuator
was glued at room temperature, later it was operated at 40 ◦C. Since the adhesive has the highest
CTE in the assembly (αK = 3 × 10−5 1/K), it is assumed that the expansion of the adhesive
leads to small gaps between the cavity parts as indicated in Figure 5.11. With a gluing bridge
length of 1.9 mm and considering all six gluing junctions, a cavity CTE of 1.88 × 10−6 1/K is
calculated, which agrees with the measured value.
For the cavity with PZT stack actuator the gluing was done more carefully such that the
gluing bridges are shorter. When assembling the cavity with PZN-PT actuator, small dots were
placed directly at the joint; gluing bridges were avoided. Furthermore, during gluing and curing,
the cavity was heated with an infrared lamp to ∼ 50 ◦C. In this way the contrary effect to the
above described is anticipated. It is expected that the higher expansion of the adhesive pulls the
cavity parts closer together, so that they are in direct contact and the adhesive plays a negligible
role. This seems to work quite good since the cavity CTE measured for the cavity with PZN-PT
actuator is rather low. However, since the CTE of PZN-PT is not known, no definite statement
can be made. Under the assumption that the adhesive can be completely neglected a CTE of
9.2 × 10−6 1/K can be estimated for the PZN-PT actuator. For the cavity with quartz actuator
Figure 5.11: Scheme of the cavity with PZT tube
actuator with gluing bridges. Since the cavity was
operated at a higher temperatures than it was exposed
during curing, it is expected that the higher CTE of




















































beat PZT stack vs. ULE
LISA requirements
Figure 5.12.: Temperature noise converted to frequency noise using the measured CTEs for the
cavities with PZT stack, PZT tube, and PZN-PT actuator. For comparison, the frequency noise
derived from a beat measurement between the cavity with PZT stack actuator and the ULE reference
is shown as well. Note that the bumps in the temperature spectra arise from measurement errors
and contain no real signal.
no CTE measurement was done.
With the estimated CTEs the temperature stability at the cavities calculated in Section 4.3.1
(Figure 4.9f), can be converted to frequency noise. As can be seen in Figure 5.12, above Fourier
frequencies of about 2 × 10−4 Hz all three cavities are not limited by length fluctuations of the
cavity due to temperature fluctuations. The passive temperature shielding of the cavities is thus
sufficient in this frequency range.
Another adhesive related effect that could be observed is that the Eccobond 285 epoxy did
not provide sufficient stability after the specified curing time of 24 h within the measurement
sensitivity of a few femtometer. When a cavity was placed in vacuum shortly after the specified
curing time, 10 to 12 weeks were necessary to reach the noise levels presented above. Heating
of the assembly under vacuum conditions did not significantly accelerate the curing process.
Therefore, the cavity with PZN-PT actuator, which was assembled latest, was cured at normal
pressure and elevated temperatures (50◦C) to reduce the curing time to less than one week.
The quartz piezo cavity was disassembled after only a few weeks of measurement, since it
could not be tuned as expected (see next section). As a consequence, measurements were only
done when the adhesive was not yet fully cured. This is the reason why the frequency noise of
the cavity with quartz actuator is so much higher than the frequency noise of the other cavities.
Vibrations
The frequency noise spectra of the piezo-tunable cavities (Figure 5.13a) show clearly that all
cavities are affected by vibrations in the frequency range above ∼ 1 Hz. Furthermore, it is
obvious, that the vibration sensitivity of the different cavities differs significantly. This does not
agree with the simulations, which indicate only small differences (Section 4.2.2, Table 5.3).
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(a) Short term stability of all piezo-tunable


















































































seism. floated x 2 MHz/g
beat not floated 
seism. not floated x 2 MHz/g
(c) Cavity with PZT stack actuator. Com-








































seism. floated x 4 MHz/g
beat not floated
seism. not floated x 4MHz/g
(d) Cavity with PZT tube actuator. Com-








































seism. old lab x 2 MHz/g
beat new lab
seism. new lab x 2 MHz/g 
(e) Cavity with PZT stack actuator. Com-









































seism. x 487 Hz/g
(f) Cavity with PZN-PT actuator. Com-
parison O-ring mount and V-mount.
Figure 5.13.: Sensitivity to vibrations. See main text for further description.
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PZT stack PZT tube PZN-PT quartz
vcavity measurements (kHz/g) 2000 4000 500 15000
vcavity simulations (kHz/g) 553 369 487 513
Table 5.3.: Vibration sensitivity estimated from measurements in comparison with the values de-
rived from simulations (Table 5.3).
All measurements were made while the cavities were mounted in their Airy points as depicted
in Figure 4.10b. Vibration measurements with a seismometer were taken simultaneously with
beat measurements of the cavity with quartz actuator. Figure 5.13b shows a direct comparison
of the two spectra at which the seismic noise was scaled with a sensitivity of 15 MHz/g. The two
spectra match only to a certain degree. Apparently the seismic background measured directly at
the cavity is slightly different from that measured on top of the vacuum chamber. Nevertheless,
it can be estimated that the sensitivity is almost 30 times as large as the value derived from
simulations (Table 5.3). This can be attributed to the differing mounting and to the adhesive
which was not considered in the simulations. The cavity with quartz actuator has the highest
sensitivity, probably since the adhesive was not fully cured when taking the measurements.
For the other cavities no simultaneous measurements of beat and vibrations were performed,
so the frequency spectrum is compared with the same vibration spectrum, assuming that the
seismic background has not changed. This leads, of course, only to rough estimations of the
sensitivity. Note, for example, that the seismic peak at 13 Hz is not present in the other beat
measurements. Figures 5.13c and 5.13d show the comparison for the cavities with PZT stack
and PZT tube actuator. Here, measurements were also made, while the pneumatic isolators
were not floated, which allows a better comparison. The sensitivities are estimated to 2 MHz/g
for the cavity with PZT stack actuator and 4 MHz/g for the cavity with PZT tube actuator. For
the cavity with PZT stack actuator measurements in the old laboratory having another seismic
background were performed, too (Figure 5.13e). During these measurements the cavity was
mounted as depicted in Figure 4.10a. The graph shows that the improvement of the short term
stability in the new laboratory arises most likely only from the lower seismic background and
not from the changed mounting. The different mounting techniques seem to have only minor
influence.
For the cavity with PZN-PT actuator a further mounting technique could be compared. This
cavity was the only cavity that was also mounted on a copper V-mount, which was designed for
later experiments presented in the next chapter. As can be seen in Figure 5.13f, the vibration
sensitivity with the V-mount is slightly lower than the sensitivity with the O-ring mount, indicat-
ing that the cavity was not mounted exactly in its Airy points, during the O-ring measurement.
(As already mentioned in Section 4.2.2, the two mounting techniques theoretically should show
no difference in sensitivity [65]). For comparison the figure shows also the seismic noise scaled
with the theoretical sensitivity of 487 Hz/g derived from simulations. For the PZN-PT cavity the
measured sensitivity fits quite well with the calculated sensitivity. This leads to the conclusion
that the vibration sensitivity of the piezo-tunable cavities is influenced by the adhesive and by
the applied gluing technique. The sensitivity of the cavity with PZN-PT actuator, which was
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assembled with the most advanced gluing technique (as described above), seems to be the only
one not affected by the adhesive.
If necessary, the vibration sensitivity could be further reduced by applying special vibration
insensitive designs [22–24], though they would need to be adapted for a piezo-tunable cavity.
Since the focus of this work was on the frequency stability in the low frequency range, where
seismic is not limiting, this was not further pursued.
Tilt
The tilt sensitivity of the cavity with PZT stack actuator was measured by constantly releasing
the pressure in two adjacent pneumatic isolators which results in a slow tilting of the vacuum
chamber of up to 10 mrad. Accordingly, the optical axis of the cavity is tilted against the
horizontal. The tilt angle of the chamber was measured with an two-axis bubble-level tilt sensor
(Applied Geomechanics, 755) and recorded simultaneously with the frequency of the stabilized
laser. By searching the adequate scaling factor to match tilt and beat (Figure 5.14a) the tilt
sensitivity was determined to 7.15 Hz/µrad. This value is about a factor 2.5 higher than the
calculated sensitivity of 3.3 Hz/µrad (Section 4.2.2). Possible reasons for this discrepancy are
the influence of the adhesive, which was neglected in the calculation of the theoretical value, or
beam pointing effects, (Section 4.2.1) which are induced due to bending of the breadboard in
the vacuum chamber during tilting. Another possible reason is that the mounting of the cavity
especially the soft O-rings cause a bigger tilt of the cavity than it is measured with the tilt
sensor on top of the vacuum chamber.
The above described measurements where also done while the vacuum chamber was tilted in
the direction perpendicular to the previous. Since in this case, the optical axis of cavity should
not tilt against the horizontal, a change of the cavity resonance frequency is not expected.
However, a sensitivity of 0.9 Hz/µrad was measured (Figure 5.14b), which can be explained by
an imperfect decoupling of the two axes in the measurement setup and also with pointing effects.
With the tilt sensor on top of the vacuum chamber the tilt values were sampled over a time
span of several hours. The spectral density of this time series was taken and scaled with the
measured tilt sensitivities. The time record and the resulting noise level are shown in Figure
5.14c and 5.14d. Frequency noise from slowly tilting of the vacuum chamber is not yet limiting,
but in the frequency range from 3 mHz to 10 mHz, it is only a factor 3 below the current noise
level. To reduce the sensitivity a modified mounting of the cavities could be helpful. The
presented measurements were made when the cavity was mounted in the configuration as shown
in Figure 4.10c. Measurements with other mounting version have not been made.
Since the calculations state that the cavity with PZT stack actuator has the highest tilt
sensitivity, it can be assumed that the other cavities are likewise not limited by tilt effects.
Discussion
In the high frequency range above ∼ 1 Hz, the frequency stability of all cavities is dominated
by seismic noise. The overall limiting effect in the low frequency range could not be identified,
even though several effects influencing the frequency stability were analyzed. Figure 5.15 shows
a summary of the investigated influences on the cavity with PZT stack actuator. Tilt and
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x−tilt  ⋅ 7.15 Hz / µrad 
beat
(a) Tilt of the cavity axis (x-tilt).






















y−tilt  ⋅ 0.9 Hz / µrad
beat
(b) Tilt of the axis perpendicular to the cavity axis
(y-tilt).










































































x−tilt  ⋅ 7.15 Hz/µrad
y−tilt  ⋅ 0.9 Hz/µrad
LISA requirements
(d) Tilt noise scaled with the measured sensitivi-
ties
Figure 5.14.: Tilt sensitivity and tilt fluctuations.
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beat vs. ULE 
Figure 5.15.: Summary of influences on the frequency stability in the low frequency range for the
example of the cavity with the PZT stack actuor.
electronics have the highest contribution but are not yet limiting. Since all cavities including
the fixed cavity have the same noise level the limiting effect is most likely not caused by the piezo
actuator. But the limiting effect seems also not to depend on the cavity resonance linewidth,
which differs by a factor of up to 4 for the different cavities (Table 5.1).
One candidate, whose influence has not been investigated so far is beam pointing. As described
in the Section 4.2.1 beam pointing can affect the frequency stability in different ways. The effect
is indeed independent of the application of an actuator, but, if it couples in the beat frequency
via lock point shifts, it should be dependent on the linewidth of the cavity resonance.
To sum up, the effect limiting the long term frequency stability could not be identified and
thus no conclusive statement on the intrinsic stability of piezo-tunable cavities can be made.
Nevertheless, the presented stability for the short circuited cavities is the best ever achieved with
piezo-tunable cavities and all piezo-tunable cavities (except for the cavity with quartz actuator,
which is limited by adhesive related effects) fulfill the LISA requirements on frequency noise for
a tunable pre-stabilization.
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5.3. Applying a voltage
In all previous investigations, the piezo-tunable cavities were examined while the incorporated
actuators were short circuited to analyze the intrinsic stability of the cavities. Since the purpose
of building a cavity with incorporated piezo actuator is of course to gain tunability, the piezo-
tunable cavities need to be operated with applied voltage. Thus, the frequency stability of the
piezo-tunable cavities with applied voltage and the tuning behavior including piezo effects such
as hysteresis and creep are analyzed in the following.
5.3.1. Tuning range
To determine the tuning coefficients of the different piezo-tunable cavities, the frequency change
resulting from a voltage change was measured. The coefficients are listed in Table 5.4 together
with the maximum tuning range ∆νmax. For the calculation of the maximum tuning range it
is considered that −200 V to 1000 V can be applied to each actuator. The tuning coefficient of
the cavity with quartz actuator could not be measured because the piezo effect was covered by
another effect, as described in Section 5.3.3.
PZT stack PZT tube PZN-PT
∆ν/U (MHz/V) 7.5 12 2.2
∆ν/U calculated (MHz/V) 13.2 9.1 4.9
∆L/U (nm/V) 2.8 5.5 0.86
∆νmax (GHz) 9 14.4 2.6
∆νmax/FSR 6.5 12.6 1.9
Table 5.4.: Tuning coefficients and tuning range.
The values differ up to more than a factor 2 from manufacturer specifications or calculated
values. The measured tuning coefficient of the cavity with PZT tube actuator is slightly higher
than the calculated value. This could arise from imprecise manufacturer specifications concern-
ing the dimensions of the tube. The values for the cavities with PZT stack actuator and PZN-PT
actuator are about half the size as expected from manufacturer specifications. A possible reason
for this could be a partly depoling of the piezo materials due to aging or improper handling.
Nevertheless all three piezo-tunable cavities exhibit the tuning range of ±30 MHz required for
LISA as well as a tuning range of more than one FSR, which allows full flexibility in the choice
of the laser freqeuncy.
5.3.2. Voltage noise
As mentioned in the previous chapter a low noise voltage reference and low noise amplifiers are
required for building piezo control electronics. The voltage noise of the applied REF02D voltage
reference (Analog Devices) turned out to be sufficiently low to not increase the above presented
frequency noise of a short circuited piezo-tunable cavity. More attention, however, had to be
paid to the voltage noise of the amplifiers.
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Op27  R1=1k, R2=100k
Op27  R1=10k, R2=1M
Op27  R1 =1k, R2=1M
Figure 5.16.: Voltage noise of the OP27G operational amplifier while operated as inverting amplifier
with different resistors. R1 is the input resistor and R2 the feedback resistor as depicted in Figure
4.7. The solid lines describe measured frequency noise converted into voltage noise, the dotted lines
describes the voltage noise calculated with equation (4.37) and the appropriate amplification factor.












































50 V PA45 + 0.16 mHz LP filter
75 Hz / f
3/4
75 Hz / f
3/4
 + 0.16 mHz LP filter
piezo short circuited
Figure 5.17.: Frequency noise of the cavity with PZT stack actuator while driven with the PA45
amplifier. The amplifier was operated with an amplification of 10.
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In the low voltage range an inexpensive OP27G (Analog Devices) operational amplifier was
employed. The voltage noise at the output of this amplifier was measured while different resis-
tors were applied for amplification (Figure 5.16). The voltage noise is derived from frequency
noise measurements with the cavity with PZT stack actuator using the corresponding tuning
coefficient. The theoretical noise was calculated with formula (4.37) and the manufacturer spec-








1 + 140 Hz/f . In the
low frequency range, voltage noise arising from current noise dominates due to its higher 1/f
noise corner frequency. The measured values differ slightly from the calculated values but are
in the right order of magnitude. In the actual setup the OP27 is operated with a maximum
amplification of 10. In this configuration its voltage noise does not increase the frequency noise
measured with short circuited actuator.
To tune the cavities over more than one FSR, one need to apply a HV amplifier. A PA45
(Apex) operational amplifier was used to drive a piezo with up to 150 Vpp. This amplifier was
selected due to its low noise performance. Nevertheless, the application of the PA45 amplifier
operated with an amplification of 10 caused a considerably increase in frequency noise (Figure
5.17). To suppress the frequency noise below the LISA requirements a 0.16 mHz low-pass filter
(metallized polypropylene capacitor 10 µF, 10 metal film resistors 10 MΩ in series) was applied.
The frequency noise may be suppressed further using a low-pass filter with a lower corner
frequency. This would require even greater capacities and resistances, which is in principle
possible, but not easy to implement.
Frequency separating filter The application of a low-pass filter after the HV amplifier disables
fast tuning of the cavity resonance frequency. To overcome this restriction, an AC coupled low
voltage bypass path was added to the filter, leading the control signal from an OP27 operational
amplifier directly to the piezo actuator without further amplification (Figure 5.18). This enables
both, slow tuning over a wide tuning range and fast tuning of the cavity with a tuning range of
several 10 MHz without increase in frequency noise. The frequency separating filter thus allows
small but fast variations around a high offset voltage. Other possibilities to achieve this is to use
a floating high power voltage supply and introduce fast voltage changes by varying the ground
[70], or, when the cavity is equipped with two piezo actuators, to use one actuator for the high









Figure 5.18: Frequency separating filter.
The control signal processed by an OP27
operational amplifier is split. One part is
fed over a capacitor directly to the piezo
actuator forming a fast, low voltage path.
The other part is amplified with a high volt-
age amplifier and subsequently low-pass fil-
tered with a corner frequency of 0.16 mHz
and then fed to the actuator, forming a slow
high-voltage path.
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voltage scan (1,7 kHz/s)
constant voltage (50 V)
Figure 5.19.: Slow frequency scan of the laser locked to the cavity with PZT stack actuator by
applying a voltage ramp of 0.2 mV/s to the actuator. While this slowly changing voltage is applied to
the cavity, the frequency noise of the cavity still fulfills the LISA requirements on frequency noise for
a tunable pre-stabilization. During the scan, as well as for the measurement with constant voltage,
the 0.16 mHz low-pass filter was applied.
5.3.3. Influence of a varying piezo driving voltage
To test the effect of a slowly varying driving voltage, a voltage ramp was applied to the cavity
with PZT stack actuator. While using the low-pass filter described above, the voltage was slowly
increased from 36 V to 43 V which resulted in a frequency change of 50 MHz (Figure 5.19). With
a 0.2 mV/s voltage ramp (corresponding to 1.7 kHz/s) no degradation of the frequency stability
measured with a constant high voltage was observed. Since the frequency changes expected
in LISA are even slower, this measurement demonstrates that the frequency noise of a piezo-
tunable cavity fulfills the LISA requirements even when a changing driving voltage is applied to
the actuator.
Later, the influence of a fast changing driving voltage was also investigated (Section 6.3.3).
It could be demonstrated that a piezo-tunable cavity which is driven by a fast sinusoidal signal
shows no degradation of the frequency stability. These measurements were carried out with the
prestressed cavity, which is described in detail in the next chapter.
Nonlinearities
Under the influence of a changing driving voltage, the piezo-tunable cavities show hysteresis and
creep in a magnitude which is in accordance with manufacturer specifications. Both hysteresis
and creep might be disturbing when using a piezo-tunable cavity, since they prevent an accurate
adjustment of the resonance frequency in dependence of the piezo driving voltage. However,
these effects play a negligible role in applications where the tunable cavity is integrated in an
external feedback loop, as planned for LISA. Thus, no thorough investigation of hysteresis and
creep was done in this work and just a brief description of the observed effects will be given in
the following.
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Figure 5.20.: Hysteresis of the cavity with PZT stack actuator for different maximum voltages.
In the graph on the right a straight line with a slope of 4.5 MHz/V was subtracted for better
presentation.
Hysteresis To test the influence of hysteresis, a slow voltage ramp was applied to the piezo
actuator. For this purpose a HP 33120A function generator from Hewlett Packard was used,
which was amplified with an operational amplifier (Apex, PA45). The applied voltage and
the beat frequency were measured simultaneously. Figure 5.20 shows the beat frequency plotted
versus the voltage for different maximum voltages applied to the cavity with PZT stack actuator.
The curve has the typical hysteresis form for low electric fields (Figure 3.10). Table 5.5 shows
the ratio between maximum opening and total frequency change for each curve. As described
in the literature [50] the amount of hysteresis increases with increasing voltages.
Umax (in V) 120 90 60 30
PZT stack 6.5% 5.1% 3.8% 3.2%
PZT tube 1.8%
PZN-PT 2.2%
Table 5.5.: Maximum opening in the hysteresis curve in dependence of the applied voltage. Shown
is the ratio between maximum opening and total frequency change.
The hysteresis behavior of the PZT stack, the PZT tube and PZN-PT actuators was compared
by recording the voltage/displacement curve applying the same voltage ramp to the actuators.
With a maximum applied voltage of 60 V the maximum opening in the voltage/displacement
curve is 3.8 % for the PZT stack actuator, 1.9 % for the PZT tube actuator and 2.2 % for the
PZN-PT actuator. Since the PZT tube actuator has at the same time the highest displacement
at this voltage it would be suited best for applications were hysteresis is a critical issue. The
cavity with quartz actuator should show no hysteresis, since hysteresis is an effect arising from
the domain structure of ferroelectrics. This could, however, not be observed in measurements,
since the piezo effect of the cavity with quartz actuator was superimposed by another effect as
described in the next section.
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(a) Creep of cavity with PZN-PT actuator.









































(b) Creep of cavity with PZN-PT actuator.
Zoom in view.
Figure 5.21.: Creep of the cavity with PZN-PT actuator.
Creep Figures 5.21a and 5.21b show the creep measured with the cavity with PZN-PT actuator
after a voltage step of 1 V corresponding to 2.2 MHz. The measured creep agrees with the
theoretical creep, if γ = 0.0075 is used for calculation (equation (3.45)). For the cavity with
PZT stack actuator the creep was measured after a voltage step of 200 mV which corresponds
to a frequency step of 1.1 MHz. Here, γ = 0.0055 could be estimated, which is slightly below
the manufacturer specifications of 0.01 to 0.02.
Tuning behavior of the cavity with quartz actuator
When a voltage was applied to the cavity with quartz actuator the beat frequency showed an
unexpected behavior. A slow frequency change could be observed which is much higher than the
expected piezo effect. A voltage change of 40 V should result in a frequency change of 500 kHz.
Actually, a frequency change of 20 MHz could be observed (Figure 5.22a). The slow change has
a charging characteristic with a time constant of about 1000 s.
If a positive voltage step is applied to the quartz piezo, the cavity length increases instanta-
neously (as expected by the piezo effect, but only 180 kHz instead of 500 kHz), followed by a slow
but higher decrease in cavity length. In the case of a negative voltage step, the cavity length
decreases instantaneously, likewise followed by a further slow decrease in cavity length (Figure
5.22b). Figure 5.22c shows the behavior of the cavity when alternately applying a positive and
a negative voltage. After the voltage change, an increase of cavity length can be observed, until
after a certain time the decrease in cavity length starts again. If the voltage is changed be-
fore this inversion occurs, the beat frequency behaves like depicted in Figure 5.22d. A frequency
jump in the direction expected by the piezo effect, but about a factor 4 smaller, can be observed,
followed by a slow frequency change in the opposite direction.
Regarding the simpler cases where only a positive or a negative voltage is applied, it can
be stated that the observed effect always decreases the cavity length, whether a positive or a
negative voltage is applied. This tuning behavior can be qualitatively explained by electrostatic
forces. It is assumed that there is a small gap between quartz piezo and mirror and between
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(c) Positive and Negative Voltage











































(d) Positive and Negative Voltage fast switching
Figure 5.22.: Tuning behavior of the cavity with quartz actuator. A positive frequency change









- - - - - -
Figure 5.23.: Scheme of possible electrostatic effects of the cavity with quartz piezo. It is assumed
that there are small gaps between actuator and mirror and actuator and spacer leading to a slow
charging of mirror and spacer due to diffusion.
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quartz piezo and spacer due to the applied gluing technique (Figure 5.23). The charged electrodes
on the quartz piezo end faces produce an electric field which causes carriers in the mirror
substrate to diffuse to the mirror surface and carriers in the spacer to diffuse to the spacer
surface. The result is an attractive force between actuator and mirror and between actuator
and spacer. When the gluing points between the surfaces are considered as springs, this force
leads to a decrease of the cavity length according to Hooke’s law.
It was tried to derive a quantitative description of this effect (appendix B), but the calculation
could not be reconciled with the measurements. Since the estimations fail to describe the right
order of magnitude of the observed effect, further investigations would be necessary to prove or
disprove the assumption of an electro-static effect. However, since the observed effect is a rather
unwanted effect, which is due to its slow tuning characteristics not suitable for tuning a cavity
in a defined way, the effect was not further investigated.
The other cavities are presumably not affected by this effect, since the PZN-PT actuator has
direct contact with the mirror and spacer surfaces, and since the electrodes of the PZT stack
and PZT tube actuators are arranged differently: in the case of the PZT stack actuator due
to its multilayer structure and in the case of the PZT tube actuator due to the usage of the
transversal piezo effect.
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5.4. Stabilization of the piezo-tunable cavity - use as transfer cavity
For the implementation of a piezo-tunable cavity in LISA, the pre-stabilization has to be com-
bined with the arm-locking technique. It is planned to use the arm-locking error signal to adjust
the reference frequency of the pre-stabilization cavity as it is shown in Figure 5.24a. To test the
integration of a piezo-tunable cavity in such an external feedback loop, the length stability of
the highly stable fused silica cavity (see Section 4.3.2) was actively transferred to the cavity with
PZT stack actuator. This approach is quite similar to the widely used transfer cavity concept,
where the stability of one laser is transferred to another using a piezo-tunable cavity [71, 72].
In such experiments stabilities up to 10−11 have been transferred [73], by locking the cavity to
a reference laser and then stabilizing a target laser to this cavity. However, to our knowledge
the concept has not yet been realized with highly stable references in the 10−15 range.
5.4.1. Implementation
The stability transfer was realized with a laser that was coupled to both the piezo-tunable
cavity and the fused silica cavity (Figure 5.24b). First, the laser frequency was locked to the
resonance of the tunable cavity using the PDH technique. Then, by applying the appropriate
voltage to the incorporated piezo actuator, the cavity and thus the laser stabilized to this cavity
was tuned to a resonance of the fused silica cavity. A PDH error signal from the fused silica
cavity could be observed by sweeping the voltage applied to the piezo-tunable cavity. This error
signal was finally used for stabilization of the length and thus of the resonance frequency of
the tunable cavity. Both PDH locks are realized using the same modulation sidebands. For
































































(b) Simulation with stable cavity
Figure 5.24.: Scheme of the stability transfer lock. The yellow box contains all elements that are
needed for stabilizing the laser to the piezo-tunable cavity with a PDH lock.
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Piezo cavity vs. ULE
FS vs. ULE
Piezo cavity (PZT locked to FS) vs. ULE
LISA pre−stabilization requirements
LISA arm−locking requirements
Figure 5.25.: Frequency noise of the externally stabilized piezo-tunable cavity. For comparison the
frequency noise of the unstabilized tunable cavity and the fused silica (FS) reference are shown as
well.
used. In this way the resonance frequency of the piezo-tunable cavity could be stabilized to the
fused silica reference cavity with a lock bandwidth of 5 kHz, presumably limited by mechanical
resonances of the piezo-tunable cavity. This lock bandwidth is sufficient, since the demands on
the lock performance are quite low due to the good ‘free-running’ stability of the piezo-tunable
cavity. Furthermore, it is above the 1 kHz tuning bandwidth required for LISA. Therefore,
no further effort was made to increase the lock bandwidth. If required, this could be achieved
by optimizing the lock performance and by shifting the mechanical resonance of the system to
higher frequencies by using, e.g., smaller mirrors and actuators. It has already been shown that
a lock bandwidth above 100 kHz is possible with piezo actuators [74].
5.4.2. Results
To determine the frequency noise of the stabilized piezo-tunable cavity, a beat measurement
with a laser stabilized to the ULE cavity was performed. Figure 5.25 shows the frequency noise
of the stabilized and non stabilized tunable cavity as well as the noise of the fused silica cavity.
It is apparent that the frequency noise of the tunable cavity is reduced by about one order of
magnitude by stabilization, so that the stability of the fused silica cavity is nearly completely
transferred to the piezo-tunable cavity. The remaining differences in seismic noise result most
likely from different measurement conditions.
As denoted in Figure 5.25 the frequency noise of the FS cavity is higher than the frequency
noise requirements of the arm-locking signal. An even more stable reference would be needed to
fully investigate the performance of piezo-tunable cavities for LISA arm-locking. The performed
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experiment is thus not considered as complete demonstration that a piezo-tunable cavity can be
integrated in the arm-locking feed back loop, but as strong evidence.
5.5. Conclusion
The performed measurements have shown that piezo-tunable cavities can be realized with fre-
quency instabilities in the 10−15 range. The achieved instability of 7 × 10−15 at 1 s integration
times is almost two orders of magnitude above the best results obtained with piezo-tunable
cavities so far. Conti et al. measured an instability of 3.5 × 10−13 at 1 s [17], and Li et al. a
laser linewidth in the kHz range [18]. The latter can be compared with the results obtained in
this work using the relation ∆ν = πS2ν between laser linewidth ∆ν and white frequency noise
Sν . The white frequency noise of the analyzed cavities is estimated to be 1 Hz/
√
Hz which
corresponds to a laser linewidth of ∼ 3 Hz.
The piezo-tunable cavities can be tuned over more than one free spectral range. The high
voltage required for this tuning range can be filtered so that the frequency noise measured with
the cavity with short circuited piezo actuator is only slightly increased. By applying a frequency
separating filter, it is possible to apply fast frequency variations at the same time. Furthermore
it has been shown that a piezo-tunable cavity can be integrated into an external feed back loop
with a lock bandwidth of 5 kHz. It has thus been demonstrated that piezo-tunable cavities fulfill
all the requirements for a tunable pre-stabilization for LISA.
Within the measurement precision, no limitation on the frequency stability arising from the
intrinsic stability of the piezo actuators could be observed. Only the application of high voltages
for a wide tuning range decrease the frequency stability. For this reason, all tested piezo materials
seems to be well suited for a use in a piezo-tunable cavity.
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6. Cavity with Prestressed Piezo Actuator
The piezo-tunable cavities presented in the previous chapters were built by just gluing one or two
piezo actuators between mirrors and spacer of an optical cavity. Under laboratory conditions,
they fulfill all the requirements given for a tunable pre-stabilization for LISA. The piezo-tunable
cavity presented in this chapter addresses one important issue with respect to a space application.
If a piezo-tunable cavity is to be used in a space mission, the high forces and vibrations that arise
during the launch of such a mission have to be considered in the cavity design. A space version
of a non-tunable cavity has already been developed [75], putting a focus on rigid mounting of
the cavity and the optics. For a space version of a piezo-tunable cavity, it has additionally to
be considered that the widely used actuator material PZT is a brittle ceramic, which cannot
withstand high tensile or shear forces. For this reason, normally only prestressed actuators are
used in space applications. Commercially available prestressed actuators use metal springs to
load the actuator. This leads to inferior mechanical properties due to the larger size of theses
devices, as well as inferior thermal properties, due to the higher expansion coefficients of metals.
Therefore, it is difficult to build highly stable cavities with commercially available prestressed
actuators and a novel piezo-tunable cavity design was developed in this work. In this design,
the piezo actuator is clamped between the cavity spacer parts themselves and is thus prestressed
(Figures 6.1 and 6.2).
Figure 6.1.: Photograph of the cavity with prestressed piezo actuator.
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Figure 6.2.: Model of the cavity with prestressed piezo actuator (exploded view). The PZT stack
actuators have an outer diameter of 25 mm and a length of 12 mm. The spacing tubes are 0.55 µm
shorter than the actuators. They have an outer diameter of 15 mm and a wall thickness of 3.5 mm.
The actuator surface has two small slots to enable evacuation of the hollow space between actuator
and spacing tube.
The experiments presented in the following aim to investigate, if this kind of prestressing
compromises the stability of a piezo-tunable cavity and if the LISA requirements on stability
and tunability can be fulfilled with such a cavity. Tests of the space qualification were not part
of this work.
6.1. Design
The cavity with prestressed actuator consists of a spacer, two spacing tubes, and two end caps
made from Zerodur, as well as fused silica mirrors and PZT stack actuators (Figure 6.2). The
relevant feature of the design is that the spacing tube lying inside the piezo actuator is 0.55 µm
shorter than the piezo itself. When the spacing tube is tightly bonded to the spacer and the
end cap while the piezo actuator is contracted by a continuously applied negative voltage, the
actuator cannot expand to its old length after removal of this negative voltage and is thus
prestressed. At the same time the spacing tube is slightly stretched and consequently subjected
to tensile stress. Applying a positive voltage to the actuator to tune the cavity length, means
further stretching the spacing tube and creating even higher tensile stress. Here, the double-sided
design is helpful, since it allows a tuning range twice as high with the same stress. The spacer
parts are joined together with hydroxide catalysis bonding, which has the advantage of a high











Figure 6.3.: Schematic of the prestressed piezo before (left) and after (right) attaching the end cap
to the spacing tube. The outer springs (kp) represent the piezo actuator and the inner two springs
(ks) represent the spacing tube.
to the spacer, which allows to detach them if needed. In the following some calculations of the
created stress and simulations of the resulting deformation will be presented. More details on
the assembly process as well as on the applied bonding technique will be given in Section 6.2.
6.1.1. Calculations
The applied PZT actuators have a stiffness of kp = 780 N/µm (manufacturer data). The di-
mensions of the spacing tubes were chosen such that the resulting stiffness roughly equals the
stiffness of the piezo actuator. With a length of Ls = 12 mm, an outer diameter of 15 mm, and




= 90 GPa126 mm
2
12 mm = 948 N/µm. (6.1)
Since the piezo actuator is ∆x = 0.55 µm longer than the spacing tube, the attachment of the
end cap leads to a compression of the actuator, as well as to an extension of the spacing tube
(Figure 6.3). The actuator is compressed by ∆xp and the spacing tube is stretched by ∆xs until
the elastic forces of both parts are equal
kp∆xp = ks∆xs. (6.2)




= 0.3 µm (6.3)




= 0.25 µm. (6.4)
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Due to this strain, the piezo actuator is subjected to a prestress of pp = ∆xpkp/Ap = 0.81 MPa.
For comparison, commercially available piezo actuators are typically prestressed with ∼ 15 MPa.
It was not aimed for a higher prestress, since this would subject higher tensile stress to the spacing
tube. With the given dimensions, the tensile stress ps = ∆xsks/As = Es∆xs/Ls = 1.8 MPa
is well below the tensile strength of Zerodur, which is shown in recent measurement to be
above 40 MPa [76]. The tensile stress increases, however, if the piezo is expanded to tune
the cavity length. The maximum displacement of the piezo actuators at 1000 V is specified
by the manufacturer to be ∆L0 = 7.5 µm. In accordance to equation (3.53), this maximum




= 3.4 µm. (6.5)
By applying ∼ 80 V at the two actuators, the cavity is tuned about a half wavelength (0.532 µm)
which corresponds to a frequency change of one FSR (1.5 GHz). At this displacement the spacing
tubes are subjected to a tensile stress of 3.9 MPa. The full tuning range of the two piezo actuators
allows for a frequency tuning range of 19 GHz, which corresponds to more than 12 FSRs. At this
maximum displacement the spacing tubes would be stressed with 27.3 MPa, which is still below
the tensile strength. However, it has to be tested if the bond can withstand such high tensile
forces (see Section 6.2). Furthermore, it should be tested if the relatively low level of prestressing
protects the actuator sufficiently against vibrations. If it turns out that higher prestress is
required, the stiffness of the spacing tube has to be increased by changing its dimensions. This
results, however, also in a lower tuning range. The presented prestressing is considered as a good
compromise between tuning range and prestress to perform first investigations on feasibility and
stability of the presented cavity design.
6.1.2. Simulations
The previous calculations were done with the approximation of rigid end caps that do not
bend under stress. To get an impression of the real deformation of the system, the cavity
with prestressed piezo actuators was analyzed with a finite element method using the program
COMSOL Multiphysics. Figure 6.4a shows a deformation plot of the cavity without applied
voltage, the displacement and distortion result from the prestressing. Figure 6.4b gives a closer
look on the deformation of the mirror surface. The displacement along the line marked in Figure
6.4a is plotted for different thickness of the end cap. As can be expected, the deformation
decreases with increasing end cap thickness.
The deformation or the mirror flatness can be compared with the required flatness for optically
contacting and hydroxide catalysis bonding, which is λ/10 = 63 nm. To be able to optically
contact the mirrors to the spacer assembly, the deformation has to be below this value. Without
applied voltage, this flatness is achieved with all presented end cap thicknesses. However, when
the piezo actuators are expanded to tune the cavity length, the deformation increases further.













Figure 6.4.: Deformation of the cavity with prestressed piezo actuator simulated with COMSOL.
Left: 3-D plot of the deformation and displacement of the cavity due to the prestressing. Right:
Deformation of the mirror surface with different end cap thicknesses from 2 mm to 10 mm. The plot
shows the displacement in direction of the cavity axis along the line marked in the left figure.
The deformation of the mirror could also be of interest with respect to modifications in the
cavity mode geometry. These modifications could change the matching of the Gaussian laser
beam to the cavity modes and thus change the incoupling efficiency. This would lead to intensity
changes in the cavity and thus to frequency changes of a laser stabilized to this cavity as described
in Section 4.2.1.
Regarding these two aspects, a high thickness of the end caps would be preferable. The
disadvantage of thicker end caps is a higher cavity length with a reduced mechanical stability
and an increased sensitivity to vibrations. As a compromise between small deformations of the
end cap and good mechanical stability of the cavity, a thickness of 8 mm was chosen for the end
caps.
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6.2. Assembly
The spacer parts of the cavity were manufactured by Precision Light Wave, LCC. The PZT stack
actuators (Physical Instruments, Pica Thru) had to be modified to achieve the required length
difference of 0.55 µm. The standard ceramic end faces of the actuators cannot be machined to
the demanded precision, so 1 mm thick fused silica rings were glued to them (Norland, NOA61).
In contrast to PZT, fused silica and Zerodur can be polished to a very low roughness and flatness.
The cavity spacer with the prestressed piezo actuators was assembled using hydroxide-catalysis
bonding [77, 78]. Hydroxide-catalysis bonding can be used to join highly even surfaces (flatness
≤ λ/10) by creating silicate like networks between them. The method was developed for silicate
based materials, but has also been successfully applied for materials like silicon carbide and
sapphire. The bonding process is initialized by bringing a bonding solution such as NaOH
between two polished and clean surfaces. The hydroxide ions in the solution catalyze hydration
and dehydration of silicate oxide. This leads to a polymerization process which forms rigid
bonds between the surfaces (see for example [79]). This bonding technique has the advantage
of a high bonding strength and a minor bond thickness < 100 nm. The minor bond thickness
is especially important for this assembly, because the precisely machined length difference of
0.55 µm between spacing tube and piezo actuator would be corrupted by typical adhesive layer
thicknesses of at least several micrometers. The bonding strength is expected to be high, since
the bonded parts build a quasi-monolithic object. Various tests of the bonding strength have
been performed obtaining very different results [80]. The measured breaking stress ranges from
a few MPa to more than 40 MPa [81] depending on, for example, the applied bonding solution,
the curing time, the cleanness of the surfaces, and the applied test method.
In the following the assembly process of the cavity with prestressed actuators will be described
in detail. Here already, it shall be mentioned that the assembly process could only be imple-
mented as planned for one piezo actuator. For the other actuator problems arose during bonding
and the desired prestressing could only be achieved by the additional use of adhesive. Details
on this can be found in appendix C.
The assembly of the cavities was done in a clean room since any pollution of the polished
surfaces would prevent proper bonding. The single steps of the bonding procedure are illustrated
in Figure 6.5. After bonding the spacing tube and the actuator to the spacer, a negative voltage
of −200 V was applied to the piezo actuator leading to a shortening of the actuator of 1.4 µm
(measured with an atomic force microscope). The actuator is thus 0.85 µm shorter than the
spacing tube and the end cap can be bonded to the spacing tube without having contact to the
piezo actuator. The bond was cured for two weeks while the negative voltage was continuously
applied to the actuator. After removal of the negative voltage the piezo actuator presses against
the end cap and thus slightly stretches the spacing tube (Section 6.1.1). In this state the cavity










Figure 6.5.: Bonding procedure of the cavity with prestressed actuators. At first, the spacing tubes
and actuators were bonded to the spacer (a). Then, the piezo actuators were contracted by applying
a negative voltage (b). With this negative voltage the spacing tubes are slightly longer (0.85 µm)
than the piezo actuators and the end caps could be bonded to the spacing tubes (c). After removal
of the negative voltage the actuators cannot expand to their original length and are thus prestressed
while the spacing tube is stretched (d). At last, the mirrors were optically contacted to the end caps
(e).
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6.3. Measurements
The cavity with prestressed actuators was installed in the same setup as the other tested cavities
with the only modification that a copper V-mount was used to support the cavity. As for
the other piezo-tunable cavities, cavity properties, frequency noise and tuning behavior was
analyzed. In addition, a modified locking scheme modulating the cavity instead of the laser was
tested.
6.3.1. Cavity properties
For the cavity with prestressed piezo actuators, some cavity properties like FSR and linewidth
were measured with the same methods as described in Section 5.1. The results are listed in
Table 6.1. The cavity has relatively low losses, probably due to the assembly in clean room
conditions, and thus benefits from a low cavity linewidth and a high finesse.
FSR LC Finesse Γν coupling losses
(GHz) (mm) (kHz) efficiency (ppm)
1.493 100.469 183 000 8.2 70% 17
Table 6.1.: Properties of the cavity with prestressed piezo actuators.
The mechanical resonance frequencies of the cavity with prestressed piezo actuators were
measured, by applying a frequency sweep with an amplitude of 100 mV to one actuator and
measuring the frequency response of the other actuator using a network analyzer. The resonance
frequencies are of interest when a piezo-tunable cavity is integrated in a stabilization loop, since
the control bandwidth is limited by the lowest resonance. The lowest resonance frequency of the
piezo-tunable cavities presented in the previous chapters can be estimated using formula (3.54).
The attachment of a load (mirror) shifts the resonance frequency of the piezo actuator to lower
frequencies. The resonance frequency of the cavity with the prestressed actuators could not
be estimated by calculations due to the more complex configuration and was thus determined
experimentally. The mere piezo resonance is specified with 110 kHz. As can be seen in Figure
6.6, the first resonance for the cavity assembly appears at 27 kHz, though it has to be considered
that eventually not all vibrational modes can be excited and measured by the applied method.
6.3.2. Frequency noise
As for the other piezo-tunable cavities, the noise performance of the cavity with prestressed
actuators was first analyzed with short circuited piezo actuators. Figure 6.7 shows the respective
ASD and Allan deviation in comparison to the performance of the cavity with the PZN-PT
actuator. This cavity was singled out for comparison, since measurements were performed with
this cavity while it was supported by the V-mount. As shown in Figure 5.13f, there are slight
differences in the frequency noise due to the modified mounting. The cavity with prestressed
piezo actuators has almost the same white and flicker noise as the cavity with PZN-PT actuator,




























Figure 6.6.: Mechanical resonances of the cavity with prestressed actuators.
noise level (σtn/ν0 = 1 × 10−15). This is a further evidence that rather the experimental setup
than the piezo-tunable cavities limits the frequency stability. There are, however, differences in
the random walk noise of the cavity with prestressed actuators which is increased by a factor of
about five. This could be caused by relaxations of the cavity materials, which have a relatively
high internal stress due to the prestressed configuration.
6.3.3. Tuning of the cavity with prestressed piezo actuator
The tuning coefficients of the cavity with prestressed actuators was measured by applying a
voltage to the piezo actuators. The actuator at the successfully hydroxide bonded side of the
cavity has a tuning coefficient of 7.9 MHz/V, for the other actuator a tuning coefficient of
9 MHz/V was measured. This corresponds to a displacement of 2.8 nm/V and 3.2 nm/V, which
is slightly below the calculated value of 3.4 nm/V (equation (6.5)). The different values for the
two actuators could arise from the use of adhesive at the one side. The adhesive may act as an
additional spring in the actuator-spacing tube spring system (Figure 6.3) and, thus, change the
values for piezo actuator and spacing tube stiffness that have to be inserted in equation (6.5).
It is also possible that the actuators had already a different tuning range in the non prestressed
state due to manufacturing variations or that a slight depoling of the piezo ceramics occurred
during the bonding procedure. In any case, the cavity with prestressed piezo actuator on the
whole has a tuning coefficient of 16.9 MHz/V. Thus, for tuning the cavity by one FSR a voltage
of 88.8 V is required.
By applying a voltage of 100 V to both actuators, it was demonstrated that the cavity can be
tuned over more than one FSR while, in accordance with the calculations, material and bond
can bear the arising stress without failure.
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Figure 6.7.: ASD and relative Allan deviation of the cavity with prestressed actuators in comparison
to the cavity with PZN-PT actuator measured with short circuited piezo actuators. Both cavities
were mounted on V-mounts during these measurements, which explains the difference in the ASD of




















































Figure 6.8.: ASD of the cavity with prestressed piezo actuators while modulated with 100 Hz.
Except for the peak at 100 Hz the spectrum shows no alteration.
Hysteresis
Hysteresis measurements with the cavity with prestressed piezo actuators reveal a maximum
opening in the voltage frequency curve of 4.3% when a maximum voltage of 43 V is aplied,
and a maximum opening of 6% when a maximum voltage of 79 V is applied. These values are
slighly higher than the values measured for the cavity with non prestressed PZT stack actuator
(Table 5.5). This does not accord with investigations that showed a decrease of hysteresis with
increasing stress [82]. However, the applied stress of 0.8 MPa is rather small and it is assumed
that the increased degree of hysteresis arises from standard manufacturing variations.
Influence of a varying piezo driving voltage
For an application in LISA only slow changes of the piezo driving voltage are required. As shown
in Section 5.3.3, slow changes do not degrade the frequency stability of a piezo-tunable cavity.
For other applications it could be interesting to know whether also a fast changing piezo driving
voltage does not degrade the stability. For this purpose, the frequency noise of the cavity with
prestressed piezo actuator was measured while different sinusoidal voltages between 1 Hz and
120 kHz were applied to the actuators. The signals with amplitudes of up to 4 mV, which cause
frequency changes of the cavity resonance of up to 70 kHz, were generated with a HP 33120A.
Such sinusoidal signals generate forces that increase quadratically with the frequency (equation
(3.55)). Therefore, prestressed piezo actuators are recommended for dynamic operation and the
presented measurements were performed with the cavity with prestressed actuators only.
As might be expected, the measured frequency noise does not differ from the noise of the
unmodulated cavity, when the modulation frequency is higher than the lock bandwidth of the
PDH lock (∼ 30 kHz). When the modulation frequency is lower than the lock bandwidth, the
noise spectrum has a peak at the modulation frequency, while the remaining spectrum shows no
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(b) Frequency noise with modified PDH locking
scheme.
Figure 6.9.: Layout of the modified locking scheme and ASD of the cavity with prestressed piezo
actuator stabilized accordingly. The scheme employs modulation of the cavity instead of modulation
of the laser.
alteration as can be seen in Figure 6.8. Piezo-tunable cavities are thus also suited for application
where a fast varying piezo supply voltage is required.
6.3.4. PDH locking with modulated cavity
A piezoelectrically tunable cavity can be used to implement a modified PDH locking scheme
which employs an unmodulated laser and a modulated cavity (Figure 6.9a). To test this approach
the cavity was modulated with 122.37 kHz, where the prestressed piezo actuator has a mechanical
resonance. The laser was tuned to a cavity resonance and the emerging error signal was observed.
The amplitude of the piezo modulation was adapted such that the error signal slope reached its
maximum size, which was given with 3.8 mV.
The frequency noise of a laser stabilized this way is shown in Figure 6.9b. It is apparent
that this kind of stabilization causes no increase in frequency noise compared to the usual
stabilization scheme. The advantage of this modified locking scheme is the availability of a
tunable stable laser without modulation sidebands, which otherwise would only be possible by
using an external modulator. This could also be an interesting option for LISA, where the laser
modulation for a cavity stabilization is otherwise done using an electro optical modulator. In a
space mission it is favorable to use as few parts as possible to minimize the risk of failures. The
modified locking scheme could also be helpful when the frequency stability of a laser stabilized
to a cavity is limited by parasitic resonators or RAM. Both effects are not present with an
unmodulated laser. The performed measurement is thus also an independent proof that the




A novel type of piezo-tunable cavity, where the piezo actuators are prestressed between the
cavity spacer elements was realized. The cavity can be tuned over more than one free spectral
range and has a relative frequency instability below 1 × 10−14 at integration times from 0.1 s
to 3 s. It shows no significant differences to the performance of the piezo-tunable cavities with
non prestressed actuators. Thus, the prestressed actuators do not limit the frequency stability.
Only the slightly increased frequency noise in the low frequency range (< 10 mHz) could arise
from the internal stress due to the prestressing.
Under laboratory conditions, the cavity with prestressed actuators fulfills all the requirements
that are given for a tunable pre-stabilization for LISA. Whether the applied prestressing is




7. Summary and Outlook
Within this thesis, different types of piezo-tunable cavities have been built and thoroughly
analyzed. The experimental investigations show that a frequency noise below 30 Hz/
√
Hz for
frequencies > 4 mHz and a relative frequency instability of 7 × 10−15 at integration times from
0.3 s to 8 s can be achieved with piezo-tunable cavities (Section 5.2.2). This is the best result
obtained with cavities incorporating a piezo actuator so far and the performance is most likely
even not yet limited by the use of a piezo actuator. Accordingly, no significant differences in
frequency stability of the cavities with PZT stack, PZT tube or PZN-PT actuator could be
observed within the measurement precision. A couple of theoretical investigations have been
made to analyze the influence of a piezo actuator on the performance of a cavity. They reveal
that the intrinsic stability of piezo-tunable cavities is only slightly inferior to that of rigid cavities
(Section 4.2).
The cavities can be tuned over more than one free spectral range (> 1.5 GHz), so that the laser
can be stabilized to any frequency of interest (Section 5.3.1). For such a broad tuning range a
high voltage power supply is required, which needs to be filtered to prevent a substantial increase
of the frequency noise and to allow a noise performance still fulfilling the LISA requirements.
Fast tuning of the cavities without increase in frequency noise is possible with a tuning range of
several 10 MHz. To combine a high tuning range with a fast frequency modulation, a frequency
separating filter was applied (Section 5.3.2). In addition, it was demonstrated that the piezo-
tunable cavities can be stabilized to a more stable reference with a lock bandwidth of 5 kHz
(Section 5.4). The transferred instability of 1 × 10−15 is 4 orders of magnitude lower than the
instability transferred in previous such experiments. Furthermore, the piezo-tunable cavities
were used to implement a modified PDH locking scheme where the cavity is modulated instead
of the laser (Section 6.3.4). With this kind of stabilization, that is insensitive to disturbing effects
arising from parasitic resonators or RAM, the same frequency stability could be achieved.
Application in LISA
Piezo-tunable cavities fulfill all the requirements given for a tunable pre-stabilization for LISA.
Since a piezo-tunable cavity is most likely the simplest implementation of such a tunable refer-
ence, it seems especially suited for a space mission, where low complexity is preferred to avoid
failures. If a piezo-tunable cavity is chosen to be implemented in LISA, the next steps would be
to build a space qualified version of a piezo-tunable cavity and to perform the relevant vibration
and stress tests. One step towards a space qualified version has already been made by building
a piezo-tunable cavity where the piezo is prestressed by the cavity spacer components to handle
high forces (Chapter 6). It shows a similar noise performance and tuning properties as the
piezo-tunable cavities without prestressing and is thus likewise suited for LISA.
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Piezo-tunable cavities for other applications
A highly stable piezo-tunable cavity is not only useful for an application in LISA. There are sev-
eral experiments that need a stable as well as tunable laser such as high resolution spectroscopy,
laser cooling experiments, or coherent optical communication systems. Especially in the latter
application, a high linearity of the tunable laser is important [35, 83]. Typical non-linearities of
a piezo-tunable cavity such as hysteresis and creep can, thus, not be neglected like in the feed
back configuration applied in LISA. In this case, extensive modeling of the non-linear behavior
would be necessary and it should be investigated how well the existing models (e.g. [84, 85])
can be adapted to a piezo-tunable cavity and how severe the remaining uncertainties are.
Piezo-tunable cavities could also find application in intra cavity spectroscopy. In frequency
references based on intra cavity spectroscopy of molecular or atomic gases, the applied cavity
has to be tuned (and locked) to the optical transition of interest [86–88]. The presented cavity
with prestressed actuator seems to be well suited for this purpose. In particular, it features
a clean, hermetically sealable, chemically inert intra cavity volume. This is of advantage to
maintain the purity of the spectroscopic gas especially for reactive species. At the same time
the piezo actuator is protected from corrosive gases and the danger of electrical flash overs at
unfavorable pressures is avoided. The cavity with prestressed piezo actuator is already equipped
with a polished cut out at the vent hole, which allows to bond a capillary to the hole and fill
the cavity with clean gas.
Conclusion
So far, it has been widely assumed, that highly stable tunable cavities cannot be realized by
using piezo actuators to define the cavity length. It was expected that the noise of the piezo
element would substantially degrade the performance. With this work, this could be proven
wrong by realizing piezo-tunable cavities with a relative frequency instability below 1 × 10−14,
which is only one to two orders of magnitude above the instability of the best cavity stabilized
lasers and still not limited by the piezo actuator.
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A. Noise and Stability Estimations
Amplitude and power spectral density
To find a repeating pattern in a time dependent signal y(t) the autocorrelation function
R(τ) = ⟨y(t)y(t + τ)⟩ (A.1)





is called spectral density or power spectral density. It gives information about the signal noise
in an infinitesimal frequency band.
There exist different methods for estimating the power spectrum of a time series. M.S. Bartlett
proposed to split the dataset into n segments of equal lengths, then build the Fourier transform
of each segment and average the result for all n segments. P.D. Welch expanded this model my
allowing overlapping segments as well as that a window function is applied to the segments.
For the noise spectra presented in this thesis the LPSD method (Logarithmic frequency axis
Power Spectral Density) [89] was used, which is a further extension of the Welch method adequate
for long time series plotted on a logarithmic frequency axis. This method adjusts the frequency
resolution for every Fourier frequency to obtain more averages at higher frequencies.
The noise spectra presented in this thesis are displayed as amplitude spectral densities (ASD)
which are obtained by calculating the root square of the power spectral density. Furthermore a
drift in the time series is removed prior to each calculation.
Allan deviation and variance
The Allan variance is used to describe the stability of an oscillator in the time domain. It is
calculated using a two-point variance of samples averaged over a time span τ . To determine the
Allan variance at an integration time τ , the dataset is split into samples of the same length τ
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Then the variance of respectively two adjacent samples is calculated and finally the average over





= 12(M − 1)
M−1
k=1
(ȳk+1 − ȳk)2. (A.5)
Throughout this thesis the frequency stability is presented as Allan deviation which is the
square root of the Allan variance. For the calculation of the Allan variance a drift was removed
from the time series. To obtain the relative frequency instability the calculated Allan deviation
is always divided by the laser frequency (282 THz).
For the accurate calculation of the Allan deviation a measurement without dead-time is as-
sumed. For the measurements with the SRS counter this is not given. The typical sampling
rate of 1 s implicates a dead-time of 50 ms so that the real loop time is 1050 ms. Hence, small
errors in the calculation of the Allan deviation can be expected.
Noise types
When the ASD and Allan deviation are plotted in a double logarithmic scale the typical noise
types can be described by straight lines with a characteristic slope. The slopes can thus be used
to determine, which type of noise is limiting in a certain frequency range or integration time.
The slopes of the most common noise types are listed in Table A.1. To learn more about how
the noise types can be converted from the frequency into the time domain see for example [90].
noise type ASD Allan deviation
white 0 -1/2
flicker -1/2 0
random walk -1 1/2
Table A.1.: Slopes of the different noise types in a double logarithmic plot of ASD and Allan
deviation.
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B. Electrostatic Effect of the Quartz Cavity
In Chapter 5 the tuning behavior of the quartz cavity (Figure 5.22) was qualitatively explained
by electrostatic effects using the assumption that small gaps are between mirror and spacer and
actuator and spacer (Figure 5.23). Here a quantitative description of the effect is tried to be
given.
If the quartz piezo is driven with 20 V, the electrodes on the quartz end faces are charged




= 1.9 × 104 V/m, (B.1)
where ϵ0 = 8.85 × 10−12 As/Vm is the electric constant and AP = 3 cm2 the size of the electrodes.
The electric field causes diffusion processes in the mirror glass material. Charge carriers move
to the surface until the inner electric field, which builds up due to the charge separation, equals
the external electric field




AM is the area on the mirror surface which is exposed to the electric field and is approximated
by AM = AP . The maximum surface charge is thus
Q0M = 2ϵϵ0AM EP = 370 pC, (B.3)
using ϵ = 3.7 for fused silica. This results in a maximum attractive force of F = EP Q0M =
7.2 × 10−6 N.
The force leads to a decrease of the cavity length, which can be calculated by considering the
gluing points between the two surfaces as springs with a spring constant of
D = Y · A
L
= 50 000 N/m. (B.4)
Y = 100 MPa is the Young modulus of the adhesive. The length L of the gluing bridges was
estimated to 2 mm and the cross section A to 1 mm2. With Newtons law F = 3 D ∆L (the
factor three arises from the three gluing springs) and using the above calculated attractive
force, the length change can be calculated to ∆L = 48 pm which corresponds to ∆ν = 120 kHz.
Considering that the cavity is assembled with four gluing junctions and the effect arises at all
junctions the complete frequency change would be ∆ν = 480 kHz. This is more than one order
of magnitude below the measured frequency change of about 7 MHz (Figures 5.22b and 5.22c).
In addition to the amplitude, also the time constant of the effect was tried to be calculated.
The time constant of the diffusion process is connected with the specific resistance of fused silica.
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B. Electrostatic Effect of the Quartz Cavity
The diffusion current is calculated by ohm’s law j = σE = E/ρ, where j is the current density,
σ the specific conductance and ρ the specific resistance. It follows








This differential equation is solved by
Q(t) = Q0(1 − e−
t
τ ), (B.6)
with τ = 2ϵϵ0ρ. The shown graphs have a time constant of about 1000 s, which corresponds to a
specific resistance of 1 × 1013 Ωm. Manufacturer specification give a value of 1 × 1016 Ωm at room
temperature (see for example Heraeus Quartzglas, electrical properties). The discrepancy can
only partly be explained by the fact that the measurement where not taken at room temperature
but at 40 ◦C.
The quantitative estimations thus disagree with the assumption of electrostatic forces causing
the observed effect. Therefore, further investigations would be necessary to prove or disprove
the assumption. However, since the observed effect is a rather unwanted effect, which is due to
its slow tuning characteristics not suitable for tuning a cavity in a defined way, the effect was
not further investigated.
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C. Assembly of the prestressed cavity
As mentioned in Chapter 6 the bonding of the prestressed cavity worked only at one side of
the assembly as expected. At the other side, which was the side assembled first, the end cap
bonded only partly to the spacing tube. The reasons for this and the measures taken to obtain
nevertheless a useful device are described in the following.
It is assumed that the reason for the imperfect bonding is an impurity between piezo actuator
and end cap as sketched in Figure C.1. The impurity prevented the end cap from bonding
completely to the spacing tube. The parts could not be detached again without destroying the
surface quality necessary for hydroxide catalysis bonding. Thus, the remaining gap was filled
with adhesive (Polytec EP 601) to attach the entire end cap to the spacing tube. However, in this
configuration, only a part of the piezo actuator was in contact with the end cap after removal of
the negative voltage, that was applied to the piezo actuator during bonding. The piezo actuator
was thus not uniformly prestressed. The small gap can be identified by the interference pattern
that is visible between end cap and piezo actuator (Figure C.2). Later, the gap between end
cap and piezo actuator was filled with adhesive, too. To obtain a prestress of about 0.8 MPa
without any voltage applied (like originally planned), a voltage of −80 V was applied to the piezo
actuator during curing of the adhesive. The pictures taken with a Fizeau interferometer (Zygo
Corporation, Verifire™), also reveal that the end cap got distorted during the failed bonding
procedure. The consequence was that the end cap had not the required flatness for optically
contacting. Therefore, the cavity mirror was glued to the end cap instead of optically contacting
it.
Due to the described problems with the first bonded prestressed actuator, the bonding pro-
cedure of the other actuator and end cap was slightly modified. The spacing tube and piezo
actuator were firstly bonded to the end cap and not to the spacer. This assembly was examined
with the Fizeau interferometer. Only after it was checked that piezo surface and spacing tube
surface are parallel to each other and that the piezo contract as expected when applying a neg-
ative voltage, the assembly was bonded to the spacer. This could be accomplished without any
problems and the mirror could be optically contacted to the end cap as planned.
In conclusion, the actuators incorporated in the prestressed piezo cavity are both prestressed
with about 0.8 MPa. For one actuator the prestressing was achieved as planned by hydroxide
bonding of the spacer parts, for the other actuator adhesive had to be used. It remains to be
examined if the use of adhesive affects the performance of the cavity.
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Figure C.2.: Top view on the end cap taken with a Fizeau interferometer. The piezo actuator and
the spacing tube are visible, while the transparent end cap lying on top of them cannot be seen. For
the picture on the left and in the center, the reference plate of the Fizeau interferometer was leveled
with the spacer. Left: No voltage applied to the actuator. The tilting between the end cap and the
piezo is visible due to the interference pattern. At the area where the piezo actuator is in contact
with the end cap, no interference pattern is present, the remaining part shows roughly eight fringes.
With this information the tilting of the end cap can be estimated and the maximum gap can be
calculated to h = 8 · λ/2 = 2.53 µm. Center: When a voltage of 200 V is applied to the actuator,
the area where actuator and end cap are in contact increases and only three fringes are visible. The
maximum gap is thus 3 · λ/2 = 0.95 µm. The difference of 1.58 µm fits pretty well with the piezo
tuning range of 1.5 µm at 200 V. The distortion of the fringe pattern is in line with deformations
observed in a non-prestressed actuator (Figure C.3). Right: This picture was taken while the Fizeau
interferometer was leveled with the surface of the end cap. The non parallel interference fringes






(b) 100 V (c) −100 V
Figure C.3.: 3-D plot of the end cap assembly. The 3-D plot is provided by the software of the
Zygo Verifire™. The assembly is such mounted that the surfaces of the actuator and the spacing
tube can be examined, the end cap is not visible. Plot (a) was taken without any voltage applied to
the actuator. The surfaces of spacing tube and actuator are parallel, which indicates a proper bond
contact. By slowly increasing the voltage to −200 V and counting the interference fringes which pass
through, it could be checked that the actuator contracts as much as expected. Furthermore, it could
be observed that the piezo actuator does not expand and contract uniformly. The inner side of the
ring moves a longer distance, so that the actuator surface is no longer plane. The length difference
is about 440 nm at 100 V (b) and about 340 nm at −100 V (c). This behavior, which was already
observed in Figure C.2, is not described in literature and no explanation could be found. However,
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HV high voltage
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RAM residual amplitude modulation
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TEM transverse electromagnetic
ULE ultra low expansion glass
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